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ABSTRACT
The evolution and fate of very massive stars (VMS) is tightly connected to their mass-loss properties. Their initial and final masses
differ significantly as a result of mass loss. VMS have strong stellar winds and extremely high ionising fluxes, which are thought to
be critical sources of both mechanical and radiative feedback in giant H ii regions. However, how VMS mass-loss properties change
during stellar evolution is poorly understood. In the framework of the VLT-Flames Tarantula Survey (VFTS), we explore the mass-loss
transition region from optically thin O star winds to denser WNh Wolf-Rayet star winds, thereby testing theoretical predictions. To
this purpose we select 62 O, Of, Of/WN, and WNh stars, an unprecedented sample of stars with the highest masses and luminosities
known. We perform a spectral analysis of optical VFTS as well as near-infrared VLT/SINFONI data using the non-LTE radiative
transfer code CMFGEN to obtain both stellar and wind parameters. For the first time, we observationally resolve the transition
between optically thin O star winds and optically thick hydrogen-rich WNh Wolf-Rayet winds. Our results suggest the existence of a
“kink” between both mass-loss regimes, in agreement with recent Monte Carlo simulations. For the optically thick regime, we confirm
the steep dependence on the classical Eddington factor Γe from previous theoretical and observational studies. The transition occurs
on the main sequence near a luminosity of 106.1 L, or a mass of 80...90 M. Above this limit, we find that – even when accounting
for moderate wind clumping (with fv = 0.1) – wind mass-loss rates are enhanced with respect to standard prescriptions currently
adopted in stellar evolution calculations. We also show that this results in substantial helium surface enrichment. Finally, based on our
spectroscopic analyses, we are able to provide the most accurate ionising fluxes for VMS known to date, confirming the pivotal role
of VMS in ionising and shaping their environments.
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1. Introduction
Very massive stars (VMS) are defined to be initially more mas-
sive than 100 M (cf. Vink et al. 2013). Whilst a lot of attention
has been devoted to the role of VMS at extremely low metal-
licity in the very early Universe (e.g. Bromm et al. 1999; Abel
et al. 2002), the role of VMS in our local Universe has largely
been ignored until recently. Hamann et al. (2006) found the ex-
istence of a number of highly luminous Galactic objects (up to
107L). Crowther et al. (2010) confirmed this finding, reporting
the existence of VMS up to 320 M for the R136 core stars in the
Tarantula nebula of the Large Magellanic Cloud (LMC). Given
the clustered nature of these objects it was important that Besten-
lehner et al. (2011) identified an almost identical twin of R136a3,
VFTS 682, in the context of the VFTS. Its isolated nature in-
creased confidence that VMS really exist above the “canonical”
upper limit of about 150 M (Figer 2005).
Interestingly, the presence of VMS of up to 320 M would
bring them into the predicted initial mass range of pair-instability
supernovae of 140 - 260 M (Heger & Woosley 2002; Langer
et al. 2007). As such explosions would disrupt the entire star,
all metals would be returned to the interstellar medium (ISM).
One such object at the top of the mass function of a massive-
star cluster would produce more metals than all the other lower
mass stars together (Langer 2009). It could significantly affect
chemical evolution modelling of galaxies.
However, the evolution and fate of VMS are highly uncer-
tain. The main culprit is the unknown rate of wind mass loss,
given that VMS are thought to evolve close to chemically ho-
mogeneously (e.g. Gräfener et al. 2011). Whilst recent evolution
models have been published by e.g. Yungelson et al. (2008) and
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Yusof et al. (2013), the way mass loss has been implemented
in these models is entirely different and it is not known a priori
which way is more appropriate. The key issue to decide whether
pair-instability supernovae are likely to exist in the present day
universe is that of stellar mass loss.
Fortunately, there has recently been significant progress in
our theoretical understanding of mass loss at the top of the
Hertzsprung-Russell diagram (HRD). In particular, Vink et al.
(2011) computed mass-loss rates for VMS up to 300 M and
discovered a “kink” in the mass loss versus Γ dependence, in-
volving a relatively shallow slope for optically thin O star winds,
but changing into a steeper slope for optically thick WNh Wolf-
Rayet stars. This latter result appears to be in qualitative agree-
ment with theoretical and observational studies of very massive
WNh stars by Gräfener & Hamann (2008) and Gräfener et al.
(2011). Furthermore, Vink & Gräfener (2012) calibrated cur-
rently used mass-loss rates for VMS at the transition point from
Of to WNh. Alternative VMS wind models have been proposed
by Pauldrach et al. (2012) where it is claimed that VMS winds
remain optically thin. In other words, there are not only quanti-
tative, but even qualitative differences in the behaviour of VMS
stellar wind models. For these reasons, it is imperative to deter-
mine the VMS mass-loss behaviour empirically, thereby testing
theoretical concepts.
This has now become possible with the VFTS, providing a
sufficiently large dataset at the top end of the HRD. This data-
set involves several groups of H-rich Wolf-Rayet stars (WNh),
but also transition Of/WN stars, as well as very luminous Of and
other O stars. These stars cover a large range in mass-loss rate
(which we find to be of more than two orders of magnitude),
which enables us to study the transition from optically thin O
star winds to optically thick WNh Wolf-Rayet winds.
In Sect. 2, we give an overview of the observational data
and describe our target selection. We describe the details of
our spectral analysis regarding theoretical model computations
and analysing techniques in Sect. 3. On the basis of the results
we investigate in Sect. 4 the mass-loss properties, evolutionary
stages, and ionising fluxes of our targets. Our conclusions are
summarised in Sect. 5.
2. Observational data and target selection
The data used in this work have been obtained in the frame-
work of the VLT-FLAMES Tarantula Survey (VFTS; Evans et al.
2011), a large spectroscopic survey of over 800 O-, B-, and Wolf-
Rayet (WR) stars in the 30 Doradus region of the Large Magel-
lanic Cloud. From this data-set we selected 62 massive and very
massive star candidates. The data have been augmented by exist-
ing archival data and follow-up observations in the infrared (IR)
range. In the following we give an overview of the spectroscopic
and photometric data used (in Sect. 2.1 and Sect. 2.2), and de-
scribe the target selection process (Sect. 2.3).
2.1. Spectroscopic Observations
Within the VFTS project the entire 30 Doradus region, centred
on the dense cluster R136, has been covered with optical fibre
spectroscopy using the MEDUSA-GIRAFFE (λ4000 − 7000 Å)
mode of the FLAMES instrument. Roughly 70% of the stars
with V < 17 mag have been observed in this programme. For
the densely populated region near R 136 additional integral-field
observations were obtained using FLAMES/UVES (λ4200 −
6100 Å) and ARGUS/GIRAFFE (λ4000 − 4600 Å).
Fig. 1: Location of our target stars. The physical dimension of
the field is 280 pc × 280 pc, adopting a distance modulus of
18.49 mag. See Fig. 2 for a close up on the core R136.
Specifically for the analysis of VMS in the central region of
30 Dor, K-band data were obtained with SINFONI the Spectro-
graph for INtegral Field Observations in the Near Infrared on
the VLT (Program ID 084.D-0980, PI: Gräfener). The spectra
cover the central arcsec around R 136 with a seeing constraint
≤ 0.8 arcsec and a spectral resolution of R = 4000 over the
wavelength range of λ2.0−2.4µm. Due to the increased IR wind-
emission of VMS compared to lower-mass stars with weaker
winds, these data provide a homogeneous set of wind and abun-
dance diagnostics for these objects that is less prone to crowd-
ing issues than e.g. optical data. The data were reduced using the
standard ESO pipeline. The observed telluric standards were cor-
rected for their intrinsic H and He absorption features with the
aid of synthetic telluric spectra from Smette et al. (2010, 2014
submitted).
For some targets close to the centre of 30 Dor, archival
data were available from VLT/UVES (Program ID: 70.D-0164,
PI: Crowther) and the Hubble Space Telescope (HST) satel-
lite, specifically HST/FOS (Program ID: 6417, PI: Massey),
HST/STIS (Program ID: 7739, PI: Massey), HST/GHRS (Pro-
gram ID: 3030, PI: Ebbets), and HST/COS (Program ID: 11484,
PI: Hartig). Some Of/WN and WNh stars had archival data from
the International Ultraviolet Explorer (IUE) available. The addi-
tional optical archival observations are chosen in a way such that
we can use the same diagnostic lines for all our targets, as to al-
low for a homogeneous spectroscopic analysis. If one diagnostic
line was not observed, the star was removed from the discussion
(see Sect. 4). However, Hα and He ii λ4686 could be substituted
by the near-IR lines He ii at 2.165 µm and Brγ if they show suf-
ficient emission, or vice versa (see Appendix C). The UV-data
are only used to constrain the terminal velocity. An overview of
the data used for each target is given in the appendix Table B.1.
Aliases of the VFTS stars are given in Table B.2.
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Fig. 2: Location of our target stars around the cluster R136. The
physical dimension is 24.24 pc × 24.24 pc.
Table 1: Photometry for stars which are not included in the cat-
alogue of Evans et al. (2011) or which have large uncertainties,
e.g. due to the presence of strong emission lines or crowding.
Name B V H Ks
VFTS 108 14.021 13.891 – –
VFTS 147 12.221 12.091 – –
VFTS 151 13.081 12.981 – –
VFTS 402 12.331 12.611 – –
VFTS 682 16.112 16.752 – –
VFTS 1001 12.761 12.581 – –
VFTS 1014 14.233 14.183 – –
VFTS 1018 14.653 14.473 – –
VFTS 1026 14.593 14.513 – –
VFTS 1028 13.843 13.853 – –
VFTS 1025 / R136c 13.743 13.433 11.644 11.384
Mk42 12.863 12.783 12.264 12.174
Notes. (1) Massey (2002), (2) Parker (1993), (3) De Marchi et al. (2011),
(4) Campbell et al. (2010)
2.2. Supplementary photometry
To constrain stellar luminosities it is necessary to model their
spectral energy distribution (SED) including interstellar extinc-
tion. For this purpose, we use optical and near-IR photometry.
Optical photometry has been obtained by Evans et al. (2011) us-
ing the Wide Field Imager (WFI) at the 2.2 m MPG/ESO tele-
scope at La Silla. Near-IR photometry is provided by the VISTA
Magellanic Clouds (VMC) Survey (Cioni et al. 2011). Specifi-
cally, we use PSF-fitting photometry from Rubele et al. (2012)
and cross-matches to the VFTS sources from Zaggia et al. (in
prep.). For objects that are not included in the VMC survey we
use the InfraRed Survey Facility (IRSF) Magellanic Clouds cat-
alogue (Kato et al. 2007) as listed in Evans et al. (2011). For
stars near the centre of the R 136 cluster a higher spatial reso-
lution is required due to crowding. In this case we utilise op-
tical HST-WFC3 photometry from De Marchi et al. (2011) and
near-IR H/Ks-Band VLT/MAD photometry from Campbell et al.
(2010). The photometry from Evans et al. has been transformed
from the original WFI system to Johnson colours. In the pres-
ence of strong emission lines this can lead to large uncertainties.
Furthermore uncertainties can arise from crowding in strongly
populated fields. Alternative photometry for objects with such
uncertainties or objects that are missing in the catalogue of Evans
et al. (2011) is given in Table 1.
2.3. Target Selection
Our interest in this study is focussed on the most massive stars in
30 Dor sampling the top of the main-sequence, including VMS
with masses in excess of ∼ 100 M. We are interested in objects
that are suitable for an emission-line analysis and are brighter
than ∼ 105.5L, and we avoided further selection criteria for the
O stars to avoid a biassed sample. That said, irrespective of their
brightness, we included all of the most promising VMS can-
didates (namely the Of/WN and WNh stars from Evans et al.
2011).
From the sample of 360 O stars (Evans et al. 2011; Walborn
et al. 2014) we pre-selected stars showing emission-lines in He ii
λ4686, N iii λ4634/4640, N iv λ4058, or Hα λ6562. Based on
our theoretical models (Sect. 3.1) we divided the sample into
three temperature classes to estimate their bolometric correc-
tions (class 1: Teff . 40kK, class 2: 40kK . Teff . 45kK,
class 3: Teff & 45kK). For each class intrinsic colours B − V
and V − Ks are derived from our models. The B, V , and Ks-band
magnitudes are determined by applying the filter function for the
MPG/ESO/WFI B and V-band filters, and the 2MASS (2 Micron
All Sky Survey) Ks-band filter. The obtained intrinsic colours
are then used to estimate the extinction parameters E(B − V)
and E(V − Ks) from the observed optical and near-IR photom-
etry. As outlined in Bestenlehner et al. (2011) we estimate AV
and RV for each object adopting the extinction law from Cardelli
et al. (1989). For the absolute visual magnitude MV we adopt a
distance modulus of 18.49 mag (Pietrzyn´ski et al. 2013). Stellar
luminosities are then obtained using bolometric corrections from
Martins & Plez (2006) for each temperature class. Stars with es-
timated luminosities . 105.5L are excluded from our sample.
For the stars near R 136 that are only covered by ARGUS
integral-field spectroscopy we further added objects based on the
presence of emission lines for He ii at 2.165 and 2.189 µm and
Brγ at 2.165 µm in our SINFONI data. We expect that these ob-
jects cover a similar mass-loss range as the ones selected on the
basis of optical emission lines from the MEDUSA and UVES
observations. Figures 1 and 2 show the location of our targets in
the Tarantula Nebula.
In total we selected 62 stars combining the VFTS-MEDUSA,
ARGUS and UVES, the VLT-SINFONI, and archival HST and
IUE observations. The sample is deliberately heterogeneous cov-
ering a large range of emission-line strengths, and including a
variety of luminosity classes and spectral types. A summary of
the selected targets and the available spectroscopy is given in Ta-
ble B.1. The table also indicates stars that are or may be spectro-
scopic binaries, higher order multiple systems, or contaminated
as a result of crowding.
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Table 2: Main input parameters and parameter ranges of the com-
puted model grids. Numbers in brackets indicate models that ex-
tend the standard grid in specific parameter ranges.
Grid name Parameter Range # of steps
main fv 0.1, 1.0 2
Teff [kK] 35.5 to 56.2 9
log M˙t [M/yr] −6.28 to−4.78 10
abundance Table B.4 8
3∞ [km s−1] 2800 1
log g 4.0 1
log g fv 0.1, 1.0 2
Teff [kK] 35.5 to 44.7 5
log M˙t [M/yr] −6.28 to−4.78 10
abundance Table B.4 (row 1 to 3) 3
3∞ [km s−1] 2800 1
log g 3.75, 4.25 2
WNh fv 0.1 1
Teff [kK] 39.8 to 50.1 (56.2) 5 (7)
log M˙t [M/yr] −4.61 to−4.11 4
Y abundance 62.5% to 92.5% 5
3∞ [km s−1] 2800 1
log g 4.0 1
late WNh fv 0.1 1
Teff [kK] 35.5 to 42.2 (50.1) 4 (7)
log M˙t [M/yr] −4.61 to−3.61 6
Y abundance 62.5% to 99.0% 6
3∞ [km s−1] 1800 1
log g 4.0 (3.75) 1 (2)
3. Spectral analyses
In this section we describe the spectral analyses of the 62 ob-
jects in our sample. In Sect. 3.1 we describe the model compu-
tations performed to produce a large grid of cmfgen non-LTE
atmosphere/wind models. In Sect. 3.2 we introduce our method
of analysis which combines the classical, subjective approach
to fit spectra by eye with a more systematic χ2-approach, fol-
lowed by a discussion of important diagnostic spectral lines in
Sect. 3.3. In Sect. 3.4 we describe our method to fit the observed
spectral energy distribution (SED), including the effects of inter-
stellar extinction. The uncertainties arising from our analysis are
discussed in Sect. 3.5, and comparisons with previous results are
performed in Sect. 3.6.
3.1. Model Grid
The atmosphere models used in this work are computed with the
cmfgen code by Hillier & Miller (1998), and comprise complex
model atoms for H i, He i-ii, C iii-iv, N iii-v, O iii-vi, Si iv, P iv-v,
S iv-vi and Fe iv-vii (cf. Table B.3). The models take advantage
of the concept of super-levels by Anderson (1989), where the
statistical equations of complex atoms are solved by combining
many close-by atomic energy levels into few super-levels.
The parameters of our main model grid are described in Ta-
ble 2. We varied three fundamental parameters, effective tem-
perature Teff , transformed mass-loss rate M˙t and helium sur-
face mass fraction Y over their relevant parameter range. Fur-
thermore we took wind clumping with a volume-filling factor
fv into account by computing two identical model grids assum-
ing a clumped wind with a volume-filling factor fv = 0.1 start-
ing at a velocity of 100 km s−1, and an unclumped wind with
fv = 11. We computed one sub-grid for unprocessed material
with Y = 0.25 and metal abundances corresponding to half so-
lar metallicity based on solar abundances from Asplund et al.
(2005). Furthermore we computed multiple sub-grids for mate-
rial that has been processed in the CNO-cycle with a nitrogen-
enriched composition and He mass fractions between 0.25 and
0.7, (cf. Tab. B.4).
In our model grids we keep the luminosity and terminal wind
speed fixed to values of L = 106L and 3∞ = 2800 km s−1. The
use of the transformed mass-loss rate M˙t, as defined by Gräfener
& Vink (2013), allows us to scale our results to other values of
L and 3∞, and to correct for wind clumping with an arbitrary
volume-filling factor fv. For a synthetic emission-line spectrum
with given M˙t the true mass-loss rate M˙ follows from the relation
log(M˙) = log(M˙t) + 0.5 log( fv) + log
(
3∞
1000 km s−1
)
+ 0.75 log
(
L
106L
)
. (1)
We note that this scaling relation is equivalent to the approach
using the ‘transformed radius’ by Schmutz et al. (1989) and
Hamann & Gräfener (2004).
Furthermore, the model structure is computed assuming hy-
drostatic equilibrium with a fixed surface gravity of log g = 4 in
the inner part of the atmosphere, and a β-type velocity law with
a fixed β-parameter of 1.0 in the outer wind. The reference ra-
dius (Rref) and effective temperature (Teff) of the star are defined
at an optical depth of τ = 2/3. The stellar temperature (T?) and
radius (R?) of the inner boundary of the atmosphere are defined
at τ = 100.
Additional grid computations were necessary to cover the pa-
rameter range of WNh stars because of their higher mass-loss
rates. The WNh grid covers the range of log(M˙t/(Myr−1)) from
−4.61 to −4.11 in steps of 1/6 dex with helium mass fractions
of 0.625, 0.7, 0.775, 0.85 and 0.925. Furthermore, a small sub-
grid was computed for late WN6-8h stars, because their terminal
velocities are significantly lower. This sub-grid is computed for
a terminal velocity of 1800 km s−1 and covers the temperature
logT [K] from 4.550 to 4.625 in 0.025 dex steps and the trans-
formed mass-loss range log(M˙t/(Myr−1)) from −4.61 to −3.61
in 1/6 dex steps with an additional helium abundance of 99.0%
compared to the WNh grid. Because of convergence difficulties
some of the WNh models required a lower log g of 3.75. As the
winds of WNh stars are optically thick this choice has no effect
on their emission-line spectra.
As the determination of temperatures and mass-loss rates for
O stars is sensitive to the surface gravity we computed sub-grids
in the low mass-loss and temperature range with log g = 3.75
and 4.25. We used these models to quantify the impact of log g
and estimate the resulting uncertainties. The sub-grids cover a
1 We note that the adopted clumping structure is simplified, and that
clumping might in reality be depth dependent (Puls et al. 2006; Na-
jarro et al. 2011) and/or involve optically thick structures (e.g. Hillier
2008; Petrov et al. 2014). Moreover, the effects of optically thick clumps
may be different for O stars and WR stars (Hillier 2008; Sundqvist et al.
2011). Because of the generally poor constraints, wind clumping con-
stitutes a likely source of uncertainty in our quantitative analysis (cf. the
discussion in Sects. 4.5 and 4.6). However, the clumping implementa-
tion issue is an important limitation affecting any empirical mass-loss
rate currently in literature. More importantly, there is as yet no evidence
that the clumping properties of O-type stars would be altogether differ-
ent from those of WR stars. There is thus no a priori reason to suspect
that our conclusions will be affected in a qualitative sense.
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transformed mass-loss range log(M˙t/(Myr−1)) from −6.28 to
−4.78, temperature range from log T [K] 4.55 to 4.65 and helium
mass fractions of 0.25 and 0.325.
In addition, some models with log g = 3.5 and with interme-
diate helium mass fractions were computed to investigate the in-
fluence of the assumed log g on the derived helium abundances.
The results of these tests are discussed in Appendix D.
Together with additional test models more than 2500 models
were computed.
3.2. Method of analysis
The stellar sample analysed in this work covers a broad param-
eter range, reaching from O stars with a combination of weak
emission and absorption lines to WR stars with their strong emis-
sion line spectra. Especially for the latter it is necessary to per-
form time intensive non-LTE computations with complex nu-
merical codes such as cmfgen. As we are interested in a homo-
geneous analysis of the transition between the O and WR stars
we chose to analyse the complete sample using the complex cm-
fgen models. A drawback of this approach is that the number
of parameters that we are able to vary in our analysis is limited.
Our results will thus be less accurate than e.g. the ongoing O star
analyses in the VFTS collaboration that are based on the much
faster code fastwind by Puls et al. (2005), but they are sufficient
for our investigation of the trends of the wind parameters. (The
future works will be based on tailored analyses for each object
involving more extensive grids and/or advanced fitting methods,
however, they are limited to the O star range.)
In this work we use the grid computations described in
Sect. 3.1 and try to quantify the quality of the fit by intro-
ducing a tailored merit function (χ2tmf) that mimics a least-
square fit method. This method is based on measuring equivalent
widths (EWs) and is thus independent of the adopted terminal
wind velocity (3∞) in our grid2, the projected rotational veloc-
ity (3e sin i), and (micro) turbulent velocity at the stellar surface
(see Sect. 3.1). However, due to the variety of spectral types in
our sample and their different line diagnostics we found it nec-
essary to perform a final visual assessment of the fit quality thus
introducing a subjective component in our approach.
The following continuum subtracted line profiles are
taken into account for the analysis: the N iii doublet
λ4634/4640, N iv λ4058, the N v doublet λ4604/4620,
He i λ4471, He ii λ4686, He ii λ2.189µm and the Balmer lines
Hα−δ, and Brγ. To ensure that the method is independent of the
continuum normalisation, we determine the continuum locally
and subtract it in exactly the same way from the observations
and the synthetic spectra. The EWs are obtained by defining two
continuum points in the blue and red direction of the diagnostic
line, fitting a straight line through the points, subtracting it as
the continuum, and integrating over the spectra (consequently
absorption lines have negative, and emission lines positive
EWs). Complications can still arise from a contamination of the
observed spectra with nebular emission lines. This is usually the
case for He i λ4471 and the Balmer lines Hα−δ. In these cases we
remove the nebular features from the observed spectrum and use
a Gaussian fit to the line wings to estimate the line profile shape
in between. Again, this is done in the same way for observations
and models. Lines that are strongly affected by nebulosity are
2 A dependence of the EW on 3∞ is only expected for P-Cygni type
emission lines (i.e. scattering lines). The optical/IR emission lines used
in this work are predominantly recombination lines whose EW is inde-
pendent of 3∞.
excluded from our analysis. The fit quality of the grid models
can then be quantified for each object by computing the sum
χ2tmf =
∑
i
1√
|ewobs.i | + C
(
ewobs.i − ewmod.i
)2
, (2)
where i indicates the different diagnostic lines. Here the division
by the square root of the observed EW balances the weight be-
tween stronger and weaker lines. The constant C (which is of the
order 10−4) prevents divisions by zero and gives a lower relative
weight to weak lines that are more affected by noise.
The final decision about the best-fitting model is done by eye,
considering the models with the smallest χ2tmf . To this purpose
the model spectra are convolved with instrumental and rotational
profiles. This allows us to roughly constrain the projected rota-
tional velocities 3e sin i from the observed line profiles. Investi-
gating the parameter range with small χ2tmf also helps to identify
possible ambiguities in the parameters that can reproduce the
observed spectra.
3.3. Line diagnostics
The determination of mass-loss rates and helium abundances is
based on strong H and He lines, mainly He ii λ4686 and Hα in
the optical and, if available, He ii λ2.189µm and Brγ in the near-
IR. For high mass-loss rates other lines of the Balmer series are
also useful (Hβ−δ). As the strength of these lines also depends
on Teff the accuracy of our results depends on how well Teff can
be constrained from other diagnostic lines. The emission line
strengths of Hα, Brγ, and He ii λ2.189µm roughly show a linear
dependence on Teff . He ii λ4686 shows a much stronger sensi-
tivity at certain temperatures (cf. Fig. C.1) and also depends on
gravity (Fig. D.2). In the absence of IR data large uncertainties
in the derived He abundance may occur. In Fig. C.2 we show
the sensitivity of the diagnostic lines with respect to the Helium
mass fraction. The mass-loss rates determined from pure emis-
sion lines scale with the square root of the adopted volume-filling
factor
√
fv (cf. Eq. 1). In contrast to this, absorption lines, which
form below the region where we assume clumping to start, are
affected by the actual mass-loss rate and are thus independent of
clumping.
To constrain Teff , we use He i λ4471, as well as N iii
λ4634/4640, N iv λ4058, N v λ4604/4620. The He i λ4471 ab-
sorption line is a classical temperature indicator for O stars, how-
ever, it is only available for temperatures up to Teff ≈ 45 kK.
For this reason we use the nitrogen lines as an additional indica-
tor. The ionisation stages of nitrogen cover N iii to N v and can
thus be used over the whole temperature range investigated here.
However, lines from these ions are usually in emission, which
means their analysis is complicated by the effects of mass-loss
and abundance variations (cf. Rivero González et al. 2012a).
Moreover, their strength depends on detailed atomic physics,
such as dielectronic recombination channels (Mihalas 1973). Fi-
nally, line overlaps between N iii λ4634/4640, N v λ4604/4620
and He ii λ4686 can lead to difficulties, particularly for high
mass-loss rates.
The terminal wind velocities (3∞) are best derived from the
P-Cygni profiles of UV resonance lines, in particular the C iv
λ1548/1551 doublet. For objects without available UV spec-
troscopy we estimate 3∞ from the width of the Hα emission
line by a detailed comparison with synthetic line profiles. For
VFTS 016, 482, 1022, and MK42 we could use the traditional
black absorption edge method (e.g. Prinja et al. 1990; Prinja &
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Crowther 1998) to test the 3∞ measurements based on spectral
modelling for Hα and the C iv doublet. For WNh stars of late
subtype (WN6-8h) the He i λ4471 line has a P-Cygni type pro-
file and can be used to derive 3∞ with similar accuracy as from
the C iv λ1548/1551 doublet. For O and Of stars Hα becomes
too weak to estimate 3∞. In these cases we adopt the values from
the relation by Lamers et al. (1995) (cf. Sect. 4.3).
To constrain the surface nitrogen enrichment due to the
CNO-cycle we performed a subjective comparison of the overall
strength of the observed nitrogen features with our models. We
tentatively classified each object as N-enhanced (e), N-normal
(n) or partially enhanced (ne). The results are listed in Tab. 5.
For He-enriched stars (Y > 0.25) we found that the strength of
the observed nitrogen features is generally in good agreement
with an enhanced N abundance (e), as adopted in our models
(cf. Tab. B.4). For stars with normal He (Y = 0.25), we computed
N-normal and N-enhanced models (cf. Tab. B.4) and found that
the observed nitrogen features indeed reflect a variety of nitrogen
abundances.
3.4. Luminosity and interstellar extinction
To determine the bolometric luminosities (L?) of our sample
stars we use the model flux as obtained from our grid com-
putations (which is computed for a luminosity of 106 L) and
scale it to match the observed SED in the B, V and Ks bands
(cf. Sect. 2.2). Simultaneously we determine the extinction pa-
rameters RV and AV as described in Sect. 2.3, i.e., we compute
the intrinsic brightness in the B, V and Ks bands from the model
flux using appropriate filter functions3 and match the resulting
values for E(B−V) and E(V −Ks) as described by Bestenlehner
et al. (2011). The results are given in Tables 5 and 6.
As the extinction is the smallest in the near-IR range the
resulting luminosities rely chiefly on the Ks-band photometry.
RV and AV mainly follow from B and V in relation to Ks. This
method thus leads to very reliable L? as long as the Ks magnitude
is not contaminated by other sources, such as thermal dust emis-
sion or nearby stars. To avoid such instances we generally com-
pare the reddened model flux for each object with the complete
available photometry, in some cases reaching from the UV to the
far infrared (cf. Appendix E). A similar method has previously
been used by Hamann et al. (2006) for the analysis of Galactic
WR stars. As visual and UV fluxes are strongly affected by de-
viations from a standard extinction, i.e. RV = 3.1, this method
helps to avoid large errors in the luminosity determination that
can arise from using these wavelength ranges alone. A good ex-
ample for such a case is VFTS 682 for which Bestenlehner et al.
(2011) obtained log L/L = 6.5 based on the derived RV = 4.7,
while a standard extinction law with RV = 3.1 would suggest a
much lower luminosity of log L/L = 5.7.
Uncertainties in our analysis chiefly arise from contribu-
tions of unresolved neighbouring stars. Such occurrences are fur-
ther complicated by differences in the spatial resolution of opti-
cal and near-IR photometry. For emission-line stars the use of
broad band photometry can cause problems if the line contribu-
tion is not correctly taken into account. However, as we know
the line contribution from our models and take it into account
using appropriate filter functions these uncertainties should be
minimised. In some cases we still obtain unrealistic RV from
our analysis (e.g. VFTS 402 and 147). These problems are most
3 We approximate the filter functions for each filter system individu-
ally using Gaussian and boxcar functions with appropriate widths and
wavelengths.
likely caused by unresolved companions. Stars for which this
happens are excluded from our discussion (cf. Sect. 4.4) and their
parameters are given in Table 6. As these problems only affect
the optical extinction the derived luminosities may still give rea-
sonable estimates for the main contributor in the IR, where the
extinction is low.
Furthermore, many of our sample stars show an apparent
UV mismatch in the SED plots in Appendix E. In the majority
of cases this is caused by our use of a Galactic extinction law
over the full wavelength range from UV to IR. Specific LMC
extinction laws (as e.g. from Howarth 1983) are indeed much
more appropriate for the UV range and lead to better UV fits.
In particular the UV 2200 Å feature appears to depend strongly
on metallicity and is much weaker in the LMC. However, de-
viations from the standard extinction with RV = 3.1 have only
been thoroughly investigated for the Galaxy (e.g. Cardelli et al.
1989). This particularly affects the transition from the IR to the
optical range and the overall slope of the extinction law in the
UV, which is why we use the extinction law by Cardelli et al. in
this work. The UV mismatch does not affect our results as these
are only based on optical/IR photometry, and is thus a purely
cosmetic issue following from the adopted extinction law.
3.5. Results and error discussion
The results of our analyses are compiled in Tables 5 and 6. To
discuss the uncertainties we need to consider that the analysis is
performed in two steps. In step one the line spectrum is analysed
using the method described in Sect. 3.2. In this step the follow-
ing parameters are determined: the transformed mass-loss rate
(M˙t), the effective temperature (Teff), the surface helium mass
fraction (Y), and the terminal wind velocity (3∞). In step two
the luminosity (L?) and the extinction parameters AV and RV
are determined by fitting the observed SED (cf. Sect. 3.4). The
actual mass-loss rates (M˙) then follow from the scaling rela-
tion Eq. 1, which additionally depends on the adopted volume-
filling factor fv. The uncertainties in Teff , Y and M˙t are domi-
nated by the limited resolution of our model grid. We estimate
values of ∆ logTeff = ±0.02 dex (corresponding to ±2 to 2.5kK),
∆Y = ±5% and ∆M˙t = ±0.1 dex. For the terminal wind speed the
measurement error is of the order of ∆3∞ = ±200 to 400 km s−1.
Moreover, systematic errors are introduced in our grid anal-
ysis because the wind acceleration parameter β and the surface
gravity log g are fixed. By changing β from 1.0 to 1.5 (as sug-
gested e.g. by model computations by Vink et al. 2011) the
wind acceleration zone is extended and the wind density is in-
creased in the line-forming region. To compensate for this effect
M˙t needs to be reduced by 0.1 to 0.2 dex. The slope of the SED
is mainly affected in the optical range, impacting RV but leaving
the luminosity almost unchanged (∆ log L ∼+0.005 dex).
Changes due to variations in log g are investigated in Ap-
pendix D. A change in log g can influence the density and ioni-
sation balance in the hydrostatic part of the atmosphere. For stars
with optically thin winds this may affect the derived helium and
nitrogen abundances. The impact on the latter turns out to be
negligible, mainly because we only coarsely estimate the nitro-
gen enrichment based on the overall strength of the nitrogen lines
(see last paragraph in Sect. 3.3). For stars with optically thick
winds changes of the hydrostatic structure have practically no
effect.
In Fig. D.1, we show the effect of lowering log g by 0.5 dex
in a critical temperature range around Teff = 40 kK. In this range
lowering the gravity decreases the strength of the main temper-
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ature diagnostic He i λ4471. Consequently a lower temperature
by ∼ 2500 K is needed to reproduce this line. While the trans-
formed mass-loss rate remains almost unaffected the derived he-
lium mass fraction is lowered by 2...4%. This systematic uncer-
tainty affects our given errors of ∆Y = ±5 % only marginally. As
a result of the lower Teff we derive a lower luminosity. Moreover,
the terminal wind speed 3∞ is affected for the cases where it is
derived from the relation by Lamers et al. (1995). The resulting
change of the absolute mass-loss rate M˙ as derived from Eq. 1
is of the order of 0.15 dex and is taken into account in the given
error range. The resulting systematic changes are indicated by a
vector in Fig. 6 (see Sect. 4). We note that they only affect the
O supergiants in our sample, as these objects have significantly
lower log g than 4.0.
As we are mainly interested in a homogeneous analysis of
the mass-loss behaviour across the transition region between O
stars, Of/WN, and WNh stars, and it is not possible to determine
log g for the WNh stars, we decided to use the same analysis
method for all objects in our sample, i.e., to keep log g fixed. A
detailed determination of log g and N-abundances of all O stars
in the VFTS sample will be performed in future works (Ramirez-
Agudelo et al., Sabín-Sanjulián et al., in prep.).
The derived luminosities depend on the photometry (mainly
in the near-IR) and the model SED, which depends on Teff and
M˙t. The photometric errors are of the order of ±0.05 dex. Con-
sidering the resolution of our model grid, the resulting uncertain-
ties are of the order of ∆ log L? ≈ ±0.1 dex.
In summary, we estimate uncertainties of ∆ log M˙t =
±0.1 dex, ∆ logTeff ≈ ±0.02 dex, ∆3∞ ≈ ±200 to 400 kms−1 (see
also Sect. 4.3) and ∆ log L? ≈ ±0.1 dex. The resulting mass-
loss rates M˙ according to Eq. 1 are uncertain by ∆ log M˙ ≈
±0.2...0.3 dex considering the uncertainties in log g and β, and
additionally scale with the square root of adopted volume-filling
factor
√
fv.
3.6. Comparison with previous works
In our present work we tried to follow a well-defined method of
analysis as described in Sects. 3.2, 3.3 and 3.4. In this section
we present comparisons with previous works to get a better pic-
ture of the systematic uncertainties that can arise from different
analysis methods.
A comprehensive study of WR stars in the LMC has recently
been published by Hainich et al. (2014), who have analysed
17 stars from our present sample. These authors used a simi-
lar grid approach as in our work, based on the Potsdam Wolf-
Rayet (PoWR) model atmosphere code (Koesterke et al. 2002;
Gräfener et al. 2002; Hamann & Gräfener 2003). An important
difference with respect to our work is how the stellar luminosi-
ties and interstellar extinction are determined. As described in
Sect. 3.4 our results mainly rely on IR Ks-band photometry. The
optical flux in B and V is matched simultaneously with the IR
by adapting RV and E(B − V) in the extinction law. Hainich et
al. keep RV fixed and mainly use the optical to UV flux to de-
termine E(B − V) based on the LMC extinction law by Howarth
(1983). As discussed in Sect. 3.4 this approach may lead to sub-
stantial errors if RV deviates from the adopted value. The anal-
ysis of Hainich et al. largely relies on the UV range where the
uncertainties in the extinction are very high. Our results rely on
the IR where the extinction is almost negligible, however, there
is a danger of contamination by circumstellar dust or other IR
sources.
An illustrative case is VFTS 482 (BAT99-99, Mk 39). For
this star Hainich et al. obtain a luminosity of log(L/L) = 5.9
while our value lies significantly higher (log(L/L) = 6.4). As
described above Hainich et al. do indeed substantially underes-
timate the IR flux for this object. However, there is possible ev-
idence for crowding in HST images of this star (cf. Table B.1).
Could the excess IR flux thus be due to other sources? Our SIN-
FONI IR data of VFTS 482 suggests that this is not the case as
the IR spectrum shows the correct line strength, i.e., it is un-
likely that the IR is contaminated by other sources. The same
holds for the optical range for which a comparison between HST
and UVES spectroscopy shows no sign of contamination. For
VFTS 482 we are thus confident that our approach is correct.
Furthermore, the different wavelength coverage and larger
S/N ratio of the VFTS data can explain discrepancies arising
from differences in the line diagnostics. This partly leads to
different He-abundances (VFTS 482 and 545) and temperatures
(∆T & 10 000K, e.g. for VFTS 545, 617, 1017, and 1025). Af-
ter correcting for clumping, there is also a systematic offset of
0.1 to 0.2 dex in the mass-loss rates noticeable. This difference
lies within our error bars and is most likely caused by different
assumptions in the model physics and atomic data.
VFTS 1025 (R 136c) has previously been analysed by
Crowther et al. (2010). This star may be affected by crowding
as it is located near the core of R 136. Due to the high S/N in the
VFTS data we detect a weak photospheric He i λ4471 absorption
line in the optical spectrum which is reproduced by our models.
Based on this line we determine a lower temperature for this ob-
ject than Crowther et al. (2010). It is not clear whether this line is
intrinsic or stems from a nearby star (see the detailed discussion
in Appendix A). We obtain T? = 42±2 kK, log(L/L) = 6.6±0.1
while Crowther et al. obtain T? = 51 ± 5 kK, log(L/L) =
6.75 ± 0.1. The obtained mass-loss rates and He-abundances are
very similar. The differences have practically no effect on our
results in Sect. 4.
VFTS 016 has been analysed by Evans et al. (2010). Their
model has a lower surface gravity which results in a lower Teff
and luminosity compared to our values. The mass loss and He-
abundance are in good agreement.
VFTS 072 has been analysed by Rivero González et al.
(2012b). They derived a higher Teff that might be a result of the
higher gravity in their models. Mass-loss rate, luminosity and
He-abundance are in good agreement.
VFTS 482 has also been analysed by Massey et al. (2005).
We derived a ∼ 4000K higher Teff . The luminosity is higher by
about 0.6 dex. Massey et al. (2005) used a standard RV = 3.1
and estimated the extinction E(B − V) by averaging the colour
excesses in B − V and U − B based on the spectral type. In this
work we calculate the RV (see Sect. 3.4). The mass loss is higher
by 0.3 dex while the He-abundance is in agreement.
Mk 42 has been analysed by Puls et al. (1996). The derived
Teff is about 3000 K higher while the He-abundance is a bit lower
compared to our values. The luminosity agrees and our mass-loss
rate is about 0.1 dex lower.
We conclude that the stellar parameters derived in this work
largely agree with previous studies with some important excep-
tions due to systematics. The main systematic uncertainties arise
from the uncertain interstellar extinction (in particular because
of its dependence on RV ), and from problems with crowding due
to the large distance to the LMC.
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4. Discussion
In Sect. 4.1 we start our discussion with a division of our sample
into sub-classes based on the spectral classifications in Table 5.
The method by which we estimate masses and Eddington factors
for each object is discussed in Sect. 4.2. In Sect. 4.3 we com-
pare the observed terminal wind velocities obtained with differ-
ent methods within this work with commonly adopted relations.
In the subsequent sections we discuss the mass-loss properties
of our sample stars, namely their wind momenta (Sect. 4.4),
the dependence of the mass-loss rate on the Eddington fac-
tor (Sect. 4.5), and their wind efficiencies and clumping factors
(Sect. 4.6). A comparison with VMS evolutionary models is per-
formed in Sect. 4.7. The discussion closes with a brief section of
the ionising fluxes (Sect. 4.8).
4.1. Definition of stellar sub-classes
In the following we divide our sample into sub-classes with dif-
ferent emission line strengths. Based on the spectral classifica-
tions in Table 5 we designate stars with spectral types WNh and
WN(h) as “WNh stars”, stars with mixed Of/WN spectral types
as “Of/WN stars”, O stars in categories f and (f) as “Of stars",
and O stars in categories ((f)) or without category as “O stars".
If we discuss O stars in general we designate them as “O-type
stars". Using these designations the group of O stars is domi-
nated by dwarfs with low M˙t, and the group of Of stars by giants
and supergiants with considerably higher M˙t.
4.2. Stellar masses and Eddington factors
To characterise the proximity of our sample stars to the Edding-
ton limit we use a method introduced by Gräfener et al. (2011).
The Eddington factor (Γ) is defined as the ratio between radiative
acceleration (grad) and gravitational acceleration (g), Γ = grad/g.
In spherical symmetry it can be expressed as
Γ(r) =
grad
g
=
χ(r)
4picG
L?
M?
. (3)
Here χ(r) denotes the total flux-mean opacity per gram of mate-
rial. In general, χ is a complex function of density and tempera-
ture. For this reason Γ depends on radius, i.e. it is impossible to
find a single value of Γ which characterises the proximity of a
star to the Eddington limit. For the hot atmospheres that we con-
sider here H and He are largely ionised and electron scattering is
a dominant contributor to the total opacity. As the electron scat-
tering opacity χe depends only on the density of free electrons it
is almost independent of the radius. For this reason we use the
classical Eddington factor
Γe =
ge
g
=
χe
4picG
L?
M?
(4)
in our discussion in Sect. 4.5. Assuming a fully ionised plasma
χe depends only on the hydrogen mass fraction Xs at the stellar
surface, and Γe can be expressed by the relation
log Γe = −4.813 + log(1 + Xs) + log(L/L) − log(M/M). (5)
In this equation L and Xs are determined in our spectral analyses,
i.e. the only unknown is the stellar mass M.
To estimate stellar masses for given values of L and Xs
Gräfener et al. (2011) computed mass-luminosity relations for
chemically homogeneous stars. In this context it is important to
know that hot massive stars have large convective cores. In this
case the luminosity of a star with given mass M is chiefly deter-
mined by the hydrogen mass fraction Xc in the convective core.
As Xc is a priori unknown, Gräfener et al. made two extreme
assumptions about Xc. The first assumption is Xc = Xs. In this
case the star is chemically homogeneous, and the derived mass
provides an upper limit for the real mass of the star. The second
assumption is Xc = 0. In this case the hydrogen in the core is
exhausted and the star is in the phase of core He-burning. The
mass derived in this way provides a lower limit to the real mass
of the star.
Chemical homogeneity is expected for stars with strong ro-
tational mixing and/or strong mass-loss, i.e. when the timescales
of mixing or mass-loss are shorter than the nuclear burning
timescale. E.g., for the extremely massive WNh stars R136a1,
a2, a3 and c, Crowther et al. (2010) estimate present day masses
of 265, 195, 135 and 175 M using evolutionary models. The
corresponding homogeneous masses following Gräfener et al.
(2011) are 286, 206, 154 and 185 M. The agreement is better
than the error-margins on the stellar masses given by Crowther
et al.. Mass estimates following Gräfener et al. (2011) for our
sample stars are given in Table 5 and 6. A comparison with evo-
lutionary models for very massive stars from Köhler et al. (2014,
submitted) gives values that are on average ∼ 30% lower. This
is to be expected, in particular for O stars with H-rich surface
compositions. Many of these stars will have evolved away from
the zero-age main-sequence (ZAMS), i.e. they are not chemi-
cally homogeneous. The Eddington factors estimated here for
individual stars are thus likely higher in reality, in particular for
relatively low stellar masses.
The use of evolutionary masses for all stars in our sample
turned out to be problematic, in particular for stars with helium-
enriched surface compositions. In these cases the evolutionary
models do not always match the observed abundances, leading
to qualitatively wrong estimates of Γe following Eq. 5 (the result-
ing masses are partly higher than the upper limits obtained un-
der the assumption of homogeneity). The strength of our method
is therefore to obtain model-independent qualitative information
about a Γ-dependence, based on observed luminosities and sur-
face compositions of a large stellar sample. Nevertheless, we will
test the effect of our assumptions on our results for the H-rich O
stars in our sample in Sect. 4.5.
4.3. Terminal wind velocities
The terminal velocities (3∞) given in Table 5 and 6 are deter-
mined on the basis of different lines. Dependent on their avail-
ability we use P-Cygni line profiles of Civλ1550 or He i λ4471,
or the width of Hα (cf. Sect. 3). If no diagnostic lines are avail-
able we use the empirical relation for O stars with Teff >
25 000K from Lamers et al. (1995), i.e. 3∞/3effesc = 2.51 ± 0.27.
Here the effective escape velocity (3effesc) is defined as
3effesc =
√
2GM?(1 − Γe)/Rref (6)
with Γe from Eq. 5. Rref is defined as L? = 4piσR2refT
4
eff . These
values are also given in Tables 5 and 6.
In Fig. 3 we compare our results with this relation. The com-
parison suggests that the relation by Lamers et al. (1995) can be
used for the Of, Of/WN, and WN5h stars in our sample (Fig. 3).
For late WN6-8h stars we find lower values than predicted. That
said, the relation from Lamers et al. is most suitable for the O
and Of stars in our sample for which direct observational values
are lacking.
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Fig. 3: Observed vs. predicted terminal velocity using the wind
velocity relation by Lamers et al. (1995). Black dots repre-
sent measurements using Hα; red asterisks are for measurements
based on C iv and blue squares are late WNh/(h)6-8-stars with
He i measurements.
The comparison indicates uncertainties in 3∞ of ±200 to
300 km s−1 using the C iv P-Cygni profile. Similar errors are ob-
tained by deriving 3∞ from the He i line for late WNh stars. A
comparison of C iv and He i measurements shows a good agree-
ment. The errors for measurements based on the width of Hα are
of the order of ±300 to 400 km s−1 depending on the quality of
the model fit.
4.4. Wind Momentum-Luminosity relation
The wind momentum of a stellar wind is given by the prod-
uct of its mass-loss rate and terminal wind velocity (M˙3∞). Ku-
dritzki et al. (1999) introduced the modified wind momentum
M˙3∞
√
R?/R, as this quantity is expected to be almost inde-
pendent of the stellar mass, i.e. it depends chiefly on the lumi-
nosity of the star. Puls et al. (1996) and Repolust et al. (2004)
found a tight wind-momentum luminosity relation (WLR) for
O stars and supergiants. Martins et al. (2008) studied the most
massive stars in the Arches cluster and found two WLRs, for
O stars and WNh stars. Mokiem et al. (2007) investigated the
WLR for a sample of 28 OB stars in the LMC based on the
data of the VLT-FLAMES Survey of Massive Stars (Evans et al.
2005). Their sample included stars in the luminosity range of
log L/L = 4.5...6.0.
In this work we focus on LMC stars with even higher lumi-
nosities in the range between log L/L = 5.5 and 6.6, includ-
ing Of/WN and WNh stars. The mass-loss rates given here are
for the case without clumping, to facilitate a comparison with
earlier works. This means that even if our modelling indicates
a clumped wind structure, e.g. based on the electron scattering
wings of some emission lines, we correct them for clumping ac-
cording to Eq. 1. For our models with fv = 0.1 this means that
M˙ has to be multiplied with a factor of
√
10.
In Fig. 4 we show the WLR for all stars in our sample. Stars
whose spectra are affected by multiplicity (i.e. SB2’s and stars in
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Fig. 4: Unclumped wind momentum versus luminosity. Black
open circles are single stars. Black filled circles are stars with
weak radial velocity variations or are single lined spectroscopic
binaries (SB1). The red squares indicate stars which have a spec-
troscopic binary (SB2) or for which the spectra are contaminated
by nearby stars due to crowding.
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Fig. 5: Unclumped wind momentum versus luminosity. Black
filled circles: stars included in the analysis. The red squares in-
dicate stars which have been removed as a result of an uncertain
stellar parameter determination.
crowded fields) are indicated by squares. Although for the fol-
lowing discussion these objects are removed from our sample,
it is remarkable that even though these objects are clearly con-
taminated by other stars the resulting WLR is hardly affected.
Black symbols indicate SB1’s or stars with weak RV variations.
We assume that the spectra of these objects are dominated by
one star and we treat them as single stars in our analysis. The
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Fig. 6: Unclumped wind momentum versus luminosity. Black
filled circles are dwarfs (luminosity class V), open black squares
are giants (III-IV), filled squares are supergiants (I-II), red trian-
gles are Of/WN stars, and blue asterisks are WNh and WN(h)
stars. The yellow arrow indicates the shift of an O star, if a grav-
ity lowered by 0.5 dex would be used for the analysis of the
(super)giants. The typical error ∆ log(M˙3∞
√
R?/R) is ±0.3 dex
and ∆ log L is ±0.1 dex.
corresponding errors in the derived luminosities are most likely
negligible compared to the impact of the photometric errors.
In Fig. 5 we indicate stars with highly uncertain stellar pa-
rameters. Two of these stars have peculiar spectra with possi-
ble indications of fast rotation (VFTS 208 and 406). For the rest
some essential diagnostic features are missing or are of poor
quality (VFTS 562, 1014, 1026, 1028). In total we excluded six
objects from the following discussion (see Appendix E for more
details).
In Fig. 6 we show the WLR for the remaining sample in-
dicating dwarfs, giants, and supergiants. To investigate the sys-
tematic effects of our choice of log g = 4.0 in our grid compu-
tations we highlight the positions of O and Of (super)giants in
the WLR. The arrow indicates the estimated shift in the WLR
if we adopt a more realistic value of log(g) = 3.5 for these
objects (cf. Sect. 3.5). The resulting shift of -0.1 dex in log(L)
and -0.15 dex in the modified wind momentum is also confirmed
by an individual model for the O8 Ib(f) star VFTS 669 with
log g = 3.5 (cf. Figs. E.48 and E.49). Therefore the correspond-
ing objects would move along the WLR towards lower luminosi-
ties and wind-momenta. Their qualitative position on the WLR
is thus unaffected by the change in log g, i.e. the (super)giants
still form a group along the WLR, but with systematically lower
wind momenta. For O dwarfs the effect may go exactly in the
opposite direction as their gravities may be up to 0.2...0.3 dex
higher than our adopted value. Also those stars would remain on
the same WLR.
In Fig. 7 we show the WLR for the combination of our sam-
ple with the sample of Mokiem et al. (2007). We indicate the four
groups of O stars, Of stars, Of/WN stars and WNh stars (see last
paragraph of Sect. 2.3) using different symbols. The majority of
the O-type stars in both samples follow a clearly defined WLR.
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Fig. 7: Unclumped wind momentum versus luminosity for the
combined sample from this work and Mokiem et al. (2007). The
different symbols indicate stellar sub-classes following Sect. 4.1.
The solid line shows the theoretical prediction by Vink et al.
(2000, 2001). The dashed line is a fit through the O-type stars in-
cluding both samples. The grey triangles are stars from Mokiem
et al. (2007) that have only an upper limit in M˙ and are excluded
from the fit.
We note that the work by Mokiem et al. is based on a different
analysis method and different numerical models than ours. How-
ever, the good agreement between both samples in the overlap-
ping region between log L/L = 5.5 and 6.0 supports the relia-
bility of the comparison. For the stars at the highest luminosities,
including the Of/WN, WNh and some Of stars from our sample,
the observed wind momenta are clearly enhanced with respect
to the overall WLR. In Sect. 4.5 we will show that this mass-loss
enhancement can be explained by the proximity of these stars to
the Eddington limit.
The only object that clearly stands out in Fig. 7 is the WNh
star VFTS 108. This star has a high helium surface mass fraction
Y = 0.775 and may thus be in the phase of core He-burning.
Also the other four WNh stars with Y > 0.75 (427, 695, 758,
1001) have increased modified wind-momenta and may already
have reached the core He-burning stage.
Focussing only on the O-type stars we obtain an observed
WLR of the form
log(M˙3∞
√
R?/R) = m0 log(L/L) +C0, (7)
with coefficients m0 and C0 given in Table 3. The observed rela-
tion is derived in two steps. The first step is to fit a simple linear
fit through the O-type stars ignoring the uncertainties in the lu-
minosity and wind momentum. The result is used in the second
step as the starting point for a Levenberg-Marquardt fit including
error ellipses (Markwardt 2009). The coefficients for the result-
ing relation are given in Table 3.
In Fig. 7 we compare this relation with the predictions by
Vink et al. (2001) in the form given by Mokiem et al. (2007, co-
efficients are given in Table 3). As previously noted by Mokiem
et al. (2007) the observed WLR for O-type stars at low luminosi-
ties lies slightly above the theoretical predictions, which can be
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Table 3: WLR coefficients.
m0 C0 comments
O-type stars (observed) 1.45 ± 0.16 20.7 ± 0.88 Fig. 7
LMC predictions 1.83 18.43 Vink et al. (2000, 2001)
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Fig. 8: Unclumped log M˙ vs. log Γe. Solid line: M˙ − Γ relation
for O stars. The different symbols indicate stellar sub-classes fol-
lowing Sect. 4.1. Dashed line: the steeper slope of the Of/WN
and WNh stars. The kink occurs at log Γe = −0.58. The grey as-
terisks indicate the position of the stars with Y > 0.75 under the
assumption of core He-burning. The grey upside down triangles
are stars from Mokiem et al. (2007) which have only an upper
limit in M˙ and are excluded from the fit.
resolved by adopting moderate wind-clumping to reduce the ob-
served mass-loss rates. For O-type stars with higher luminosities,
around log L/L ∼ 6, the values derived here agree well with the
predictions, so that a further downward correction would lead to
values below the theoretical expectations. While these effects are
relatively small, and will be subject of future dedicated studies
within the VFTS collaboration, we find a substantial increase of
the wind momenta for the Of/WN and WNh stars at even higher
luminosities, similar to the results of Martins et al. (2008) for
the luminous WNh stars in the Arches cluster. This increase has
been interpreted by Gräfener et al. (2011) as being due to the
proximity of these objects to the Eddington limit, and will be
further discussed in Sect. 4.5.
The average mass-loss relation for the complete sample, in-
cluding WNh, Of/WN, and O-type stars, would lie 0.2...0.3 dex
above the predictions. Moderate volume-filling factors around
fv = 0.25 would thus bring the observed average WLR in agree-
ment with the predictions (cf. also Repolust et al. 2004; Mokiem
et al. 2007).
4.5. Mass-loss near the Eddington limit
A primary goal of this work is to investigate the mass-loss prop-
erties of VMS at the top of the main sequence, when they are
still in the phase of core hydrogen-burning. Gräfener & Hamann
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Fig. 9: Unclumped log M˙/M vs. log Γe. The different symbols in-
dicate stellar sub-classes following Sect. 4.1. The black solid line
is a fit using the CAK wind theory (with α = 0.62 ± 0.08). The
dotted line indicates a tentative fit of the Of and Of/WN stars
with α = 0.53. The grey asterisks indicate the position of the
stars with Y > 0.75 under the assumption of core He-burning.
The grey triangles are stars from Mokiem et al. (2007) with up-
per limits. They are excluded from the fit.
(2008) and Vink et al. (2011) predicted a strong dependence
on the classical Eddington factor Γe in this regime. Gräfener
& Hamann (2008) also predicted a dependence on the environ-
ment metallicity Z, which mainly decides around which values
of Γe the strong Γ-dependence sets in. Vink et al. (2011) investi-
gated the transition from the classical WLR for O stars to the Γ-
dependent mass-loss of VMS and found an abrupt change in the
form of a “kink” between both regimes. Gräfener et al. (2011)
confirmed the strong Γ-dependence for the sample of VMS in the
Arches cluster near the Galactic Centre. They used the method
outlined in Sect. 4.2 to estimate Eddington factors which take ad-
vantage of the characteristic dependence of the classical Edding-
ton factor on the hydrogen surface abundance with Γe ∝ (1 + X)
(cf. Eq. 5).
In Fig. 8 we show the resulting M˙- Γe relation for our sample
and the sample of Mokiem et al. (2007). To be consistent we also
used masses based on the assumption of chemical homogeneity
to calculate Γe for the sample of Mokiem et al. (2007). As pre-
dicted by Vink et al. (2011) we find two branches for high and
low Γe. Separate fits for both branches are shown using a relation
of the form
log M˙ = m1 log Γe +C1 , (8)
with m1 and C1 listed in Tab. 4. The fit parameters and errors are
obtained from a Levenberg-Marquardt analysis.
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Table 4: M˙ − Γe relations.
m1 C1
Of/WN and WNh stars 5.22 ± 4.04 −2.6 ± 1.46
O-type stars1 2.73 ± 0.43 −4.04 ± 0.30
Notes. (1) including the stars from Mokiem et al. (2007)
The low-Γ branch consists only of O-type stars and has a
relatively shallow slope with M˙ ∝ Γ2.7e . As the hydrogen sur-
face abundances of the stars on this branch do not vary, their Γ-
dependence translates into a dependence on L/M (cf. Eq. 5). As
M is computed from L in our present approach (cf. Sect. 4.2) this
translates into a dependence on L only. It is thus not surprising
that we find such a relation for the stars on this branch. The stars
on the high-Γ branch, on the other hand, are Of, Of/WN, and
WNh stars with substantially varying hydrogen surface abun-
dances. The Γ-dependence on this branch is thus a firm indi-
cation of a strong intrinsic dependence on the Eddington factor
Γe. On the high-Γ branch we find a much steeper relation with
M˙ ∝ Γ5.2e . The five stars with Y > 0.75 have been excluded from
the fit (see paragraph after next for details). The two branches
intersect at log Γe = −0.58.
We further investigate whether the steep Γ-dependence can
be explained within the standard wind theory for OB stars by
Castor et al. (1975, CAK). Employing equation (46) from CAK
in our fitting algorithm we obtain an (effective) force multiplier
parameter α = 0.62 ± 0.08, in good agreement with typical val-
ues from the literature (Puls et al. 2008). The resulting relation
between M˙/M and Γe is shown in Fig. 9. The relation matches
the O-type stars in our sample fairly well, but the steep increase
in M˙ occurs only for Γe extremely close to unity (as a result of
the 1/(1 − Γ) term in the CAK relation). In an attempt to match
the steep observed increase for high Γe with a CAK-type relation
we obtained better results for a reduced α = 0.53. However, in
this case the mass-loss rates of normal O-type stars are systemat-
ically over-estimated. To explain the observations in the frame-
work of the CAK-theory it is thus necessary to adopt a vary-
ing α-parameter, or two separate relations for O-type stars and
Of/WN, WNh stars.
As outlined in Sect. 4.2 the Γe in Fig. 8 are obtained under the
assumption of chemical homogeneity, i.e., they are lower limits.
For the five He-rich stars with Y > 0.75 we also indicate up-
per limits for Γe based on the assumption that the stars are core
He-burning. The most significant change occurs for VFTS 108.
The assumption of core He-burning brings this star in agreement
with the overall relation. For the other He-rich stars the situation
is less clear, i.e., they could be in a core H or core He-burning
phase. For VFTS 108 we obtain M = 20.5 M and Γe = 0.46
under the assumption of core He-burning, and M = 33.1 M and
Γe = 0.29 assuming chemical homogeneity. The lower mass is
also supported by the low terminal wind velocity of this star. Un-
der the assumption of chemical homogeneity the escape velocity
of this star would be higher by a factor 1.8 and the object would
significantly stand out in Fig. 3. We thus conclude that VFTS 108
is most likely a core He-burning object in our sample. The situa-
tion is similar for VFTS 427 and VFTS 1001 which also have
low terminal wind velocities (∼1000 and ∼1100 km s−1). The
wind velocities of VFTS 695 and VFTS 758 are higher (∼1600
and ∼2000 km s−1) and in agreement with the relation by Lamers
et al. (1995) adopting chemical homogeneity.
As noted in Sect. 4.2 the masses derived under the assump-
tion of chemical homogeneity are upper limits, and the true
masses of our sample stars are likely smaller. Comparisons with
evolutionary models indicate an average difference of ∼ 30%
(Schneider et al. in prep.). This holds in particular for the stars
with low mass-loss rates and normal He or N abundances for
which chemical homogeneity is not expected from single star
evolution. The true Eddington factors for these stars may thus be
significantly higher than adopted in Fig. 8.
In Sect. 3.5 and Appendix D we discuss that systematically
lower log g for the O supergiants in our sample imply slightly
lower luminosities for these objects. As this also results in a
lower stellar mass the L/M ratio, and thus also Γe, remain al-
most unaffected. However, the absolute mass-loss rates would
be affected, and the O supergiants would systematically shift
downwards along the ordinate. The effect on the slope of the
O-type relation is rather small, as the O supergiants are evenly
distributed along the abscissa.
For the O-type relation we obtain under the assumption of
chemical homogeneity log(M˙/
√
fv) = (2.73 ± 0.43) × log Γe −
(4.04 ± 0.3) (Table 4). Using evolutionary masses from Köhler
et al. (2014, submitted) for the O-type stars with high hydro-
gen surface abundances the relation changes to log(M˙/
√
fv) =
(2.68 ± 0.44) × log Γe − (4.29 ± 0.27). The slope is only slightly
shallower and well within the errors bars. The main difference is
that the O-type relation is shifted towards higher Γe because of
the systematically lower evolutionary masses.
Furthermore, clumping could affect our results qualitatively
if the clumping properties change systematically, e.g. between
O and WR-type stars. However, in Sect. 4.6 we will show that
extreme volume-filling factors of the order of 0.01 or less (as
suggested for O stars e.g. by Bouret et al. 2003; Fullerton et al.
2006) are unlikely for our sample. Moderate volume-filling fac-
tors of the order of 0.1 may affect our results moderately if they
change systematically, e.g., between different spectral types.
The main result of this work is that the observations quali-
tatively confirm the existence of a strong Γ-dependence as pre-
dicted by Gräfener & Hamann (2008) and Vink et al. (2011).
Furthermore we find two branches with different slopes for low
and high Γe which appear to be connected by a kink as predicted
by Vink et al. (2011). The location of the kink in Fig. 8 is at
log Γe = −0.58 (Γe = 0.26). For the reasons outlined in Sect. 4.2
we believe that this is a lower limit for the true value where
the transition between normal O star mass-loss and enhanced
Γ-dependent mass-loss happens. E.g. the models by Gräfener &
Hamann (2008) suggest a higher value around Γe ∼ 0.5 for LMC
metallicity.
The question whether the observed change in the mass-loss
properties also marks a change in the underlying wind physics is
presently difficult to answer. The models by Gräfener & Hamann
(2008) suggest that the wind physics for the Of/WN and WNh
stars on the steep branch is different from that for OB stars. The
kink found by Vink et al. (2011) also suggests that this is the
case. In the present work we confirmed the steep Γ-dependence,
but the nature of the transition remains unclear. In this context
it is noteworthy that, in terms of mass-loss, the kink in Fig. 8
already appears in the regime of extreme Of stars, well below the
mass-loss range of Of/WN stars. As we will discuss in Sect. 4.6
the wind performance numbers η in this regime are most likely
still below unity (if we assume that O star winds are clumped).
The transition to a strong Γ-dependence thus seems to happen
for lower wind efficiencies than the value of η = 1 predicted by
Vink et al. (2011).
The observed slope with M˙ ∝ Γ5.2e on the high-Γ branch is
similar to the prediction by Vink (2006) who gives a relation
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Fig. 10: Wind efficiency η vs. luminosity L. The different sym-
bols indicate stellar sub-classes following Sect. 4.1. The black
solid line indicates τ = 1 for unclumped winds ( fv = 1.0). The
black dashed line indicates τ = 1 for an assumed volume-filling
factor of fv = 0.1.
with M˙ ∝ Γ5e for VMS stars approaching the Eddington limit.
Gräfener & Hamann (2008) and Vink et al. (2011) also predicted
a steep increase but used more complex descriptions than a sim-
ple power law. Nevertheless, the relevant result is the qualitative
confirmation of a relation between M˙ and Γe.
Finally there is an offset between the majority of the Of stars
and the Of/WN stars in Fig. 8. This could indicate systematically
lower volume-filling factors ( fv = 0.1) for the Of/WN and WNh
stars, compared to more moderate values ( fv = 0.25) for O-type
stars (see also Sundqvist & Owocki 2013). Gräfener et al. (2011)
did not find a comparable gap in the Arches cluster sample.
4.6. Wind efficiency and clumping
The wind efficiency parameter η = M˙3∞/(L?/c) gives the ratio
between mechanical wind momentum M˙3∞ and radiative mo-
mentum L?/c of a star. η = 1 denotes the single scattering limit,
for which each photon is scattered on average once to drive the
stellar wind, i.e. η ≈ τwind ≈ 1 where τwind denotes the flux-
mean optical depth at the sonic point (cf. Lamers & Cassinelli
1999, Sect. 7.2). Vink & Gräfener (2012) pointed out that this
relation is independent of wind clumping and used it to calibrate
the mass-loss rates of VMS at the single scattering limit. Their
model computations suggested that, more precisely, at the single
scattering limit η = f τwind where f depends on the ratio 3∞/3esc
and is typically of the order of f ≈ 0.6. We thus expect stellar
winds to become optically thick for η ≈ 0.6. At this point the
majority of photons in the flux maximum are absorbed within
the wind, with the consequence that the wind recombines and
forms emission-line spectra.
Our present stellar sample traces this transition observation-
ally in unprecedented detail. In Fig. 10 we show the wind effi-
ciencies η/
√
fv that follow from our present analyses. The de-
pendence of η on the adopted volume-filling factor arises from
Eq. 1. The point where the winds become optically thick is indi-
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Fig. 11: Distribution of spectral types of our sample in the HR-
diagram. The different symbols indicate stellar sub-classes fol-
lowing Sect. 4.1. Black lines indicate evolutionary tracks from
Köhler et al. (2014, submitted) for an initial rotation rate of
300 km s−1 and the location of the Zero-Age Main Sequence
(ZAMS).
cated for the cases with ( fv = 0.1) and without ( fv = 1.0) clump-
ing. Spectroscopically these points coincide with the domain of
Of/WN stars (adopting fv = 0.1) and the transition between O
stars and Of stars (adopting fv = 1.0), i.e., the regime where stars
start to form emission lines. Clumping factors of this order of
magnitude are thus plausible. Volume-filling factors of this order
of magnitude are commonly found for WR stars (e.g. Hamann &
Koesterke 1998) and have been proposed for O stars (e.g. Puls
et al. 2006; Šurlan et al. 2013). Extreme volume-filling factors of
the order of fv = 0.01 as proposed e.g. by Bouret et al. (2003);
Fullerton et al. (2006) appear very unlikely, as this would move
the transition into the region of WNh stars where strong emis-
sion line spectra are already fully developed. We thus conclude
that volume-filling factors at the transition between optically thin
and optically thick winds are likely moderate, i.e., they are likely
of the order of fv = 0.1 or higher.
4.7. Stellar evolution in the upper HRD
The data presented in the previous sections are unique as they
provide the largest stellar sample to date with luminosities above
∼ 400 000 L. They also provide a unique opportunity to investi-
gate the evolution of stars with masses above ∼ 40 M, for which
constraints are otherwise sparse. In the following we draw some
straightforward conclusions from comparisons with stellar evo-
lution predictions.
In addition to the effects of mass loss from the stellar
wind, internal mixing processes (e.g., convective overshooting,
rotationally-induced mixing) also constitute major uncertainties
in evolutionary models. Furthermore, the stars considered here
are very close to their Eddington limit, which may affect their en-
velope structure (Köhler et al. 2014, submitted) and give rise to
instabilities (Gräfener et al. 2012), raising the question whether
eruptive mass-loss, as observed e.g. for some LBVs and super-
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Fig. 12: Chemical surface compositions throughout the HR-
diagram. Different symbols indicate different surface helium
mass fractions (Y) and different levels of nitrogen enhancement
(e enhanced; ne partially enhanced; n normal).
nova progenitors, may also affect their evolution. Finally, recent
work by Sana et al. (2012), Chini et al. (2012), and Sana et al.
(2013) suggests that binary interaction greatly affects the evolu-
tion of massive stars, implying that several stars in our sample
may have been subject to mass transfer or merger events (see de
Mink et al. 2014; Schneider et al. 2014).
The observed HRD positions of our sample stars are indi-
cated in Figs. 11 and 12, distinguishing between different spec-
tral types and surface compositions. They are compared with sin-
gle star evolutionary tracks from Köhler et al. (2014, submitted)
with an initial rotational velocity of 3R,ini = 300 km s−1. In agree-
ment with our conclusions from Sect. 4.5 the HRD positions of
most of our sample stars agree with an evolutionary stage on the
main-sequence. The only exception is VFTS 108 which is found
to the left of the Zero-Age Main-Sequence (ZAMS), supporting
our previous conclusion that this star is most likely in the core
He-burning phase.
Considering the surface helium abundances of the main-
sequence stars in our sample (Fig. 12), it appears convenient to
divide the sample into two luminosity or mass ranges, with the
dividing line roughly at 106.1 L or 80...90 M. The group of
24 stars below this luminosity limit consists of O-type stars of
which only three have a somewhat enhanced helium abundance.
All other stars still show their original helium abundance. The
group of 19 stars above the luminosity limit is dominated by
Of/WN and WNh stars. The majority (13 out of 19) of stars in
this group have enhanced helium surface abundances. Further-
more, there appears to exist a similar limit for the enrichment
in nitrogen. Stars without evidence for nitrogen-enrichment are
only found in the low-luminosity group.
Based on their evolutionary models Köhler et al. (2014, sub-
mitted) identify similar luminosity limits as the ones described
above. They find that the minimum luminosity for which the
surfaces of main-sequence stars show considerable helium en-
richment depends on the initial rotational velocity and varies be-
tween log(L/L) ≈ 4.8 for fast rotators and log(L/L) ≈ 6.3 for
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Fig. 13: He surface mass fractions Y vs. projected rotational ve-
locities 3e sin i. For the Of/WN and WNh stars in this work we
indicate conservative upper limits for 3e sin i of 200 km s−1.
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Fig. 14: He surface mass fractions Y vs. relative mass-loss rates
log(M˙/M) for the possible main-sequence stars in our sample.
Masses have been estimated under the assumption of chemical
homogeneity, i.e., they are upper limits. For potential He-burners
we also indicate masses that would result from core He-burning
in grey.
slow rotators. Based on the models by Köhler et al. the empiri-
cal boundary reported here (log(L/L) ≈ 6.1) suggests that the
bulk of our sample stars had initial rotational velocities that were
slower than ∼ 200 km s−1.
Projected equatorial rotational velocities 3e sin i of the pre-
sumed single O-type stars in the VFTS sample have been re-
ported by Ramírez-Agudelo et al. (2013). After correcting for
projection effects and macro-turbulence, they find that the rota-
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tional velocity 3e sin i distribution strongly peaks at 100 km s−1,
and that about 75% of the sample has 3e . 200 km s−1.
Based on the synthetic emission line profiles from our mod-
els we are further able to constrain 3e sin i for 15 Of/WN and
WNh stars in our sample. We use narrow emission lines (with
an intrinsic width of 50 to 200 km s−1) that are formed near the
stellar surface, and should thus well reflect the rotational speed
at the surface. In contrast to the values for O-type stars from
Ramírez-Agudelo et al. these are not corrected for additional line
broadening due to macro-turbulence. Because of this, and be-
cause the intrinsic line profiles are affected by the wind velocity,
we are only able to give conservative upper limits for 3e sin i of
200 km s−1. The micro-turbulent velocities adopted in our mod-
els are much lower (10 km s−1) and have thus no effect on the
given limits.
The results are presented in Fig. 13 where we plot the ob-
served helium surface mass fractions Y vs. 3e sin i for these ob-
jects and for the 20 O-type stars from Ramírez-Agudelo et al.
(2013) and Sabín-Sanjulián et al. (2014) overlapping with our
sample. There is no evidence for a correlation between Y and
3e sin i in this figure suggesting that rotationally induced mixing
is not the dominant factor responsible for the helium surface en-
richment.
In the whole sample there are only two fast rotators with
3e sin i > 200 km s−1. These are VFTS 626 with 278 km s−1 and
VFTS 755 with 286 km s−1. While VFTS 626 belongs to our
group of low-luminosity stars with He-enrichment (Y = 0.4),
VFTS 755 does not show any sign of surface enrichment in He
or N. The main difference between both stars is their mass-loss
rate which is three times higher for VFTS 626.
In Fig. 14 we investigate the relation between surface he-
lium enrichment and mass-loss. There appears to be a very clear
correlation between Y and log(M˙/M), indicating that mass loss
plays a dominant role in the helium enrichment for these objects.
The X-axis in Fig. 14 can also be read as the inverse of the mass-
loss timescale τM˙ = M/M˙, or more precisely an upper limit
for τM˙ as the mass-estimates used are upper limits (cf. Sect. 4.2,
some lower limits for potential He-burners are also indicated in
Fig. 14). For log(M˙/M) & −6.5, τM˙ becomes comparable to the
main-sequence lifetime4 and the correlation becomes very clear.
Our results thus suggest that the observed changes in the sur-
face abundances for luminosities & 106.1L are caused by the
change in the mass-loss properties discussed in Sects. 4.4 and
4.5. The observed luminosity threshold coincides with the lumi-
nosity above which we see evidence for enhanced Γ-dependent
mass-loss in our sample (cf. Fig. 7). In the high-luminosity
group, with L & 106.1L, we thus find predominantly Of/WN
and WNh stars whose hydrogen-rich layers have been stripped
off by the enhanced mass-loss during their main-sequence life-
time.
For the stars below the luminosity threshold our previous
discussion suggests that mass loss and rotational mixing do not
dominate the surface helium enrichment. In this case binary in-
teraction may play a role, and the three He-enriched stars in this
group may (predominantly) be binary interaction products. How
does this number compare with predictions from binary evolu-
tion models by de Mink et al. (2013, 2014)? Assuming continu-
ous star formation and an initial binary fraction of 70% de Mink
et al. (2014) predict an incidence rate of 28 % of binary inter-
action products, 50 % pre-interaction binaries and 22 % single
4 Note that M˙ in Fig. 14 is not corrected for clumping. For the case
with clumping τM˙ would increase by a factor 1/
√
fv which is likely of
the order of 3.
stars. They suggest that these numbers can be compared to the
population in 30 Dor where Sana et al. (2013) observed a spec-
troscopic binary fraction of 35 %, and inferred that the intrinsic
binary fraction is ≈ 50 % which is comparable to the predicted
fraction of pre-interaction binaries from de Mink et al.
The spectroscopic binary fraction in our initial sample is
34 % (21 out of 62 stars), i.e., it is comparable to the results
of Sana et al. (2013) for 30 Dor. As we removed 8 SB2 systems
in our previous discussion we expect a slightly higher incidence
rate of binary products than predicted by de Mink et al. (2014).
Given the errors of roughly 50 % from de Mink et al., and assum-
ing that these objects would show an enhanced He abundance,
we thus expect 3...10 stars of this kind in our low-luminosity
sample. However, we have to be careful as we also excluded
several stars with uncertain parameters from the initial sample.
Inspection of our provisional parameters for these objects in Ta-
ble 6 reveals that we excluded three objects that would belong in
the low-luminosity group and show indications of an enhanced
helium abundance (VFTS 208, 406, and 562). Including these
objects would bring our observed numbers in agreement with
the predictions. A thorough investigation of such “problematic”
objects may thus be crucial to understand the role of binary in-
teractions in massive star evolution. Furthermore, a higher accu-
racy in Y than achieved in this work (±5 %; cf. Sect. 3.5) may be
desirable.
Finally, we note the distribution of spectral types in the up-
per HR-diagram (Fig. 11). Again, the objects in this diagram can
be divided in two groups, above and below 106.1 L. The low-
luminosity group consists of O-type stars with a clear separa-
tion between O stars and Of stars, indicating that Of stars are
cooler and more evolved than O stars. In contrast to this the high-
luminosity group, which consists of a mixture of O-type stars,
Of/WN and WNh stars, shows a much more erratic spectral type
distribution.
A comparison with the empirical HRD of the VFTS-
MEDUSA region in Doran et al. (2013, their Fig. 12a) sug-
gests that our high-luminosity group covers the complete range
of observed effective temperatures in the HRD, while our low-
luminosity group appears to be truncated at T? ≈ 40 kK, omit-
ting cooler temperatures and thus likely the most evolved stars
on the main sequence. This selection effect may also affect our
previous discussion of the importance of binary interactions in
the low-luminosity group.
As the stars in the high-luminosity group cover the major-
ity of the main-sequence phase this group will include relatively
young objects evolving towards the red, but also more evolved
objects evolving towards the blue. Their observed temperatures
are generally higher than ≈ 40 kK. The evolutionary tracks from
Köhler et al. in Figs. 11 and 12 reach much lower temperatures
than what is observed. This is the case for all of their models
with 3R,ini ≤ 300 km s−1. One reason for this is the envelope
inflation effect which has originally been predicted for massive
stars near the Eddington limit by Ishii et al. (1999). Recent the-
oretical studies of this effect suggest that it can substantially af-
fect stellar radii and temperatures in the upper HRD and lead
to LBV-type instabilities, depending on a variety of physical
effects such as the detailed structure and dynamics of the sub-
photospheric layers, the outer boundary conditions imposed by
a stellar wind, or stellar rotation (Petrovic et al. 2006; Gräfener
et al. 2012; Gräfener & Vink 2013; Köhler et al. 2014, submit-
ted). The observed HRD positions in Fig. 12 are likely affected
by a combination of evolutionary effects and the complex enve-
lope physics in this part of the HRD. Enhanced mass loss in the
high-Γ regime, as it has been discussed in the present work, is
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expected to reduce the inflation effect (cf. Petrovic et al. 2006),
and may thus help to resolve the apparent discrepancies.
4.8. Ionising fluxes
Recently Doran et al. (2013) highlighted the pivotal role of VMS
in the ionising feedback from massive OB stars in 30 Doradus.
In this section we compare the number of ionising photons per
second (Q0) from our work with the values from Doran et al.
(2013). In contrast to our grid analysis Doran et al. (2013) used
a template method. The ten stars with the highest ionising fluxes
in 30 Doradus are listed in Table 10 of Doran et al. (2013). Five
stars are in our sample, VFTS 758, 402, 1001, 1025, and Mk42.
VFTS 758 (BAT99-122) and Mk42 agree within an uncertainty
less than 50%. VFTS 1025 (R136c) has half of the number of
ionising photons, but still remains in the top 10. The value for
VFTS 1001 (R134) is a factor 4 lower. VFTS 402 (BAT99-095)
has a factor 3 lower ionising flux. Both stars would drop out from
the 10 stars with the highest ionising flux. However, VFTS 402 is
a multiple system and our spectroscopic analysis is not reliable.
On the other hand we determined higher values for VFTS 682
and VFTS 695 (BAT99-119) and they would move up into the
top 10 with the highest ionising fluxes. By adding up all ionising
photons of stars which are in both samples the uncertainties are
averaged out and we obtained similar total fluxes for both meth-
ods, so that the overall results of Doran et al. (2013) are robust
with respect to individual uncertainties.
5. Conclusion
In this work we analysed an unprecedented sample of 62 O, Of,
Of/WN and WNh stars with very high luminosities. The sam-
ple contains a diversity of spectral types and luminosity classes
and covers a range of mass-loss rates of ∼2.5 dex. The analysis
is based on a large grid of complex stellar atmosphere models
computed with the non-LTE radiative transfer code CMFGEN
(Hillier & Miller 1998).
We investigated the mass-loss properties of our sample stars
based on the classical approach for O stars using the wind-
momentum luminosity relation (WLR) from Kudritzki et al.
(1999), and the semi-empirical approach by Gräfener et al.
(2011) to investigate a dependence on the classical Eddington
factor Γe. While the majority of O and Of stars in our sample
follow the classical WLR, we find that the mass-loss rates of
Of/WN, WNh, and some Of stars are enhanced with a steep de-
pendence on Γe, in qualitative agreement with theoretical mass-
loss predictions for very massive stars (VMS) by Gräfener &
Hamann (2008) and Vink et al. (2011). Furthermore, our results
suggest that at the transition between both regimes the M˙ − Γe
dependence shows a kink as predicted by Vink et al. (2011).
The main uncertainties in our results are due to wind clump-
ing which is poorly constrained, in particular for O-type stars.
Assuming that the winds are moderately and uniformly clumped
( fv ≈ 0.1) our results suggest that the mass-loss of VMS is en-
hanced with respect to standard mass-loss predictions from Vink
et al. (2000, 2001). Furthermore, the dependence on Γe sets in
earlier than expected, before the winds become optically thick.
Its quantitative impact on the evolution of VMS may thus be
larger than previously thought. Based on our present analysis the
transition already occurs for luminous Of stars at Γe ≈ 0.3 with
a steep mass-loss dependence M˙ ∝ Γ5.2e above this value. We
note that these results are based on simplified mass estimates and
the true Eddington factors are likely higher than adopted. This
may at least form part of the reason why, quantitatively, theoret-
ical models predict the steep Γ-dependence for higher values of
Γe ≈ 0.5 (Gräfener & Hamann 2008) and Γe ≈ 0.7 (Vink et al.
2011).
The observed HRD positions and mass-loss properties of our
sample stars suggest that they are predominantly very massive
main-sequence stars. Based on the observed stellar properties,
the sample can be divided into two luminosity or mass ranges
with a dividing line roughly at 106.1 L or 80...90 M. Above
this limit we find predominantly Of/WN and WNh stars whose
surfaces are enriched in helium due to their enhanced mass-loss.
Below this limit only a few stars are He-enriched. These objects
may be binary interaction products. Based on single star evolu-
tion models from Köhler et al. (2014, submitted) the location of
the observed luminosity limit suggests that rotational mixing is
relatively unimportant for the He-enrichment in our sample.
Finally, we confirm the important role of VMS in the ion-
ising budget of 30 Dor found by Doran et al. (2013), providing
evidence that these objects play a pivotal role in ionising and
shaping the interstellar environment in young starburst-like re-
gions.
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Appendix A: Comments on individual objects
Here we describe the individual properties of the Of/WN and
WNh stars in our sample (Sect. A.1). This is followed by a dis-
cussion of two peculiarities that occurred during the spectro-
scopic analysis (Sect. A.2).
Appendix A.1: Of/WN, WNh and WN(h) stars
We now give a short summary of individual stars and their char-
acteristics.
VFTS 108 (BAT99-089/Brey71): A single WN7h-star with
no noticeable variation in the peak intensity of the emission lines
between the observed epochs. There are no absorption lines suit-
able for RV measurements to investigate the presence of a com-
panion or the stars’s runaway status. The star is not located in a
cluster and lies in the field surrounded by a few fainter objects.
The quality of the model is reasonably good and the derived stel-
lar parameters are well constrained (Fig. E.6).
VFTS 147 (BAT99-091/Brey73): The star has the spectral
type WN6(h) and is not a known binary or multiple component
system. According to Schnurr et al. (2008) it does not show any
variability. However, the star is located in the Brey 73 cluster
with a bright object nearby. In several epochs absorption fea-
tures from a possible OB star are visible in the VFTS spectra.
The presence/absence of these features is due to slightly differ-
ent offsets of the MEDUSA fibre position and/or variations in
the atmospheric seeing. The mass-loss rate and temperature es-
timation are uncertain. The low spatial resolution of the avail-
able optical photometry unrealistically high flux in the B and V
bands. The continuum estimated from the near-IR VISTA pho-
tometry is less affected (or unaffected), which results in a neg-
ative extinction parameter E(V − Ks). The estimated luminosity
is therefore based on the Ks magnitude. photometry (Sect. 3.4),
but The luminosity might be up to ∼0.2 dex too high depending
on the uncertainties in the near-IR photometry and the near-IR
flux of the nearby star. The star is excluded from the discussion
(Fig. E.8).
VFTS 402 (BAT99-095/Brey80): This WN7(h) star has a
probable OB companion. Schnurr et al. (2008) classified it as
binary system with a short orbital period of ≈2 days. The model
fit quality is very poor as a result of the presence of the sec-
ondary. The temperature, mass-loss rate and helium abundance
determinations are highly uncertain (Fig. E.18). The impact of
the secondary on the total continuum is not known, which leads
to an incorrect luminosity. The star is excluded from the discus-
sion.
VFTS 427 (BAT99-096/Brey81): A single star with no no-
ticeable change in the peak intensity of the emission lines be-
tween the observed epochs. The WN8(h)-star is surrounded by a
few nearby fainter objects, which do not considerably influence
the spectra or the continuum. There are no photospheric absorp-
tion lines to study RV variations due to any possible secondary.
The quality of the model is good and the derived stellar parame-
ters are reasonably accurate (Fig. E.22).
VFTS 457 (BAT99-097): The star is classified as
O3.5If*/WN7 and is not a known binary. Small LPVs are
observed in the spectra which might be a result of the normali-
sation process. The fit to the nitrogen lines is poor, in particular
for N iii. However, test calculations show that an increase of
the nitrogen abundance, moving the starting point of clumping
closer to the stellar surface to a wind velocity of 10 km s−1, and
a higher value of the wind parameter β improved the fit quality,
but does not fundamentally change the result (see Fig. E.26
and E.27). These different properties might be a result of an
extended or asymmetric atmosphere, as a result of rotation. The
terminal velocity is between 900 and 1100 km s−1 lower than the
other Of/WN stars. Nevertheless, the derived stellar properties
are robust.
VFTS 482 (BAT99-099/Brey78/Mk39): VFTS 482 is classi-
fied as O2.5If*/WN6. Massey et al. (2002) identified spectral
variability while Massey et al. (2005) detected a composite in the
spectra, but provided no classification of the secondary. Accord-
ing to Schnurr et al. (2008) it is a elliptical system with a period
of 92.6 days (close to their detection limit). The quality of the fit
is good. The temperature, mass-loss rate and He-abundance can
be well determined (Fig E.29). The star is located in a relatively
crowded field. The luminosity might be over estimated because
of its unclear binary nature.
VFTS 509 (BAT99-103/Brey87): This WN5(h) star is part of
a binary system with a separated early O star companion (Evans
et al. 2011; Doran et al. 2013). Schnurr et al. (2008) give a period
of 2.76 days. The fit quality is poor, but gives a fair hint of the
actual stellar parameters (Fig. E.31). Still, the star is excluded
from the discussion.
VFTS 542 (BAT99-113): This O2If*/WN5 star is a binary
system with a period of 4.7 days (Schnurr et al. 2008). It is lo-
cated in a crowded field. The quality of the model fit is good.
The temperature, mass-loss and helium abundance can be de-
termined (Fig. E.37). The luminosity is uncertain, because it is
unclear how the continuum is affected by the secondary.
VFTS 545 (BAT99-114): As reported by Hénault-Brunet
et al. (2012) there are weak RV variations in the spectra of this
O2If*/WN5 star. There is no contamination of the stellar spectra;
the fit is good and the results are robust (Fig. E.38).
VFTS 617 (BAT99-117/Brey88): This single star is classified
as a WN5ha. The spectra show LPVs particularly in the Balmer
series. The quality of the model is good. M˙ varies as a result of
the LPVs, but only within the error bars. (Fig. E.44).
VFTS 682: The WN5h-star is a newly discovered WR-star
by the VFTS (Evans et al. 2011; Bestenlehner et al. 2011). The
star appears to be single. The model fit is good and the re-
sults based on the grid are comparable with the parameters de-
rived from Bestenlehner et al. (2011). The grid fit is shown in
Fig. E.50.
VFTS 695 (BAT99-119/Brey90): This is a WR-star with
spectral type of WN6h plus a companion. The binary system has
a period of 158.8d (Schnurr et al. 2008). The spectra show LPVs
in the Balmer series, in particular for Hα. The observations can
be reasonably well reproduced by our model, however L? might
be over estimated (Fig. E.51).
VFTS 758 (BAT99-122/Brey91): This is a single WN5h-star.
No noticeable line-profile and RV variations were found in the
spectra. The fit quality regarding the grid resolution is good and
the results are reasonably good (Fig. E.53).
VFTS 1001 (BAT99-100/Brey75): The WN6(h)-star is not a
known binary. Hénault-Brunet et al. (2012) found possible LPVs
in the He ii λ4542 line. The star is associated with an X-ray
source. Portegies Zwart et al. (2002) suggested that these X-rays
are potentially due to a wind-wind collision in a binary system.
However, our model fits the observation well and we treat the
object as if it is a single star (Fig. E.55).
VFTS 1017 (BAT99-104/Brey76): The O2 If*/WN5 spectra
of this star show LPVs and weak RV variations (Hénault-Brunet
et al. 2012). The possible companion does not impact the fit qual-
ity. The results are reliable with slightly larger uncertainties than
most well fit stars in this study (Fig. E.57).
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VFTS 1022: This star has been reclassified from O4 If+
(Massey & Hunter 1998) to O3.5 If*/WN7 by Crowther & Wal-
born (2011). The star shows small RV variations. Even though it
is likely a binary, the derived stellar parameter are treated as if it
were a single star (Fig. E.60).
VFTS 1025 (BAT99-112/Brey82/R136c): This WN5h-star is
located in a crowded field and surrounded by multiple sources
in HST observations by Massey & Hunter (1998). In their cat-
alogue VFTS 1025 is designated as source No. 10 with MV =
−6.8. One neighbouring HST source at an angular distance
. 0.5 arcsec is bright enough to affect our optical spectrum di-
rectly (source No. 57 with MV = −5.5, classified as O3 III(f*)).
Furthermore the bright O star R136b (source No. 9, MV = −6.9,
O4 If+) is relatively close at an angular distance of ≈ 1.3 arcsec.
VFTS 1025 itself shows indications of binarity based on its
strong X-ray emission (Guerrero & Chu 2008) and possible low-
amplitude RV variations (Schnurr et al. 2009).
In our analysis we determine a significantly lower temper-
ature than Crowther et al. (2010), mainly based on the He i
λ4471 Å absorption line in the optical range. Our cooler tem-
perature is further supported by the low terminal wind speed of
VFTS 1025 compared to the other WN5(h) stars in R 136 anal-
ysed by Crowther et al. Their hotter temperature is based on
the N v λ2.10 µm emission line in the IR. It is not clear if the
He i line in our optical spectrum is intrinsic to VFTS 1025 or
originates from a nearby star. We can exclude star No. 57 from
Massey & Hunter as the origin of the He i line, based on the non-
detection of strong enough He i in its HST spectrum. R136b has
a weak He i absorption line and could possibly affect our spec-
trum. Hénault-Brunet et al. (2012) found LPVs for the prominent
H and He ii emission lines but not for the He i absorption line in
the spectrum of VFTS 1025. This is in line with a photospheric
nature of the absorption line and wind variability in the emission
lines as expected from our cool model, but also with a contribu-
tion from a nearby star.
Appendix A.2: Pecuilarities
In this section we discuss three peculiarities that arose during
our spectroscopic analysis. These peculiarities occurred as dis-
crepancies between the observations and the model predictions.
The plots of the model fits are shown in Appendix E.
Firstly, our models predict the C iii lines at λ4647/4650 Å
in emission. Martins & Hillier (2012) discussed that these lines
may appear in absorption or emission, depending on the de-
tailed model assumptions. In our observations they appear in
absorption for VFTS 171, 333, 532, and 669 and in emission for
VFTS 216, 404, 422, 603, 608, and 797. Furthermore, VFTS 532
has a cooler companion that could contribute to the C iii absorp-
tion. In our analysis these lines are ignored.
Secondly, VFTS 208, 406, and 626 show He ii λ4686 Å emis-
sion profiles with a central absorption, which are characteris-
tic for the fast rotating stars in the Onfp subclass (see Walborn
et al. 2010). This type of line profile has been modelled in 2D
by Hillier et al. (2012). VFTS 406 has been classified as OVnn
by Walborn et al. (2014) who find that its composite spectrum
in the VFTS data is likely due to contamination by an adjacent
WN spectrum on the detector. For VFTS 208 and 406 we only
achieve a bad fit quality and the stars are excluded from our dis-
cussion.
Thirdly, for VFTS 259, 457, and 1021 the observed
N iii λ4634/4640 Å lines are significantly stronger than in our
theoretical models. Furthermore, there is a discrepancy between
the diagnostic He i λ4471 Å line, and the N iii λ4634/4640 Å and
N iv λ4058 Å lines for the effective temperature. To estimate the
uncertainties we carried out test calculations for the O star 259
and Of/WN star 457. We found that the discrepancies can be sig-
nificantly improved by simultaneously lowering log g by 0.5 dex,
increasing the N-abundance by a factor 2, and moving the start-
ing point of clumping closer to the surface (see Fig. E.26 and
E.27 for the case of VFTS 457). The resulting parameters agree
with those given in Tab. 5 within the given uncertainties.
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Appendix B: Additional Tables
Table B.1: Sources of spectroscopic data, line profile variation (LPV), and comments about binarity/multiplicity.
Star Medusa UVES ARGUS SINFONI HST/FOS HST/STIS HST/COS HST/GHRS IUE LPV comments source †
016 Xa – – – – – Xg – – no – 1 x
063 Xa – – – – – – – – yes SB2 1 –
064 Xa – – – – – – – – yes weak RV 1 x
072 Xa – – – – – – – – no – 1 x
094 Xa – – – – – – – – yes SB2 1 –
108 Xa – – – – – – – X no – 7 x
145 Xa – – – – – – – – yes weak RV, MULT 1 –
147 Xa – – – – – – – – yes? MULT 7 –
151 Xa – – – – – – – – yes weak RV, MULT 1 –
169 Xa – – – – – – – – no – 1 x
171 Xa – – – – – – – – yes weak RV 1 x
180 Xa – – – – – – – X yes weak RV 1 x
208 Xa – – – – – – – – no weak RV 1 –
216 Xa – – – – – – – – no – 1 x
259 Xa – – – – – – – – no weak RV 1 x
267 Xa – – – – – – – – ? weak RV 1 x
333 Xa – – – – – – – – yes weak RV 1 x
402 Xa – – – – – – – X yes SB2? 3,4,7 –
404 Xa – – – – – – – – no SB1 1 x
406 Xa – – – – – – – – no ASYM? 1 –
422 Xa – – – – – – – – ? SB1 1 x
427 Xa – – – – – – – – no – 4 x
440 Xa – – – – – – – – yes SB2? 1 –
445 Xa – – – – – – – – no SB2 1 –
455 Xa – – – – – – – – yes SB1, ASYM 1 x
457 Xa – – – – – – – – no? – 7 x
468 Xa – – – – – – – – no MULT 1 –
482 – Xa – Xb Xc Xd,e – – – yes? SB1,MULT? 3,5 x
506 Xa – – – – – – – – yes weak RV 1 x
509 Xa – – – – – – – X yes SB2 3,7 –
512 Xa – – – – – – – – yes SB1 1 x
518 Xa – – – – – – – – no weak RV 1 x
527 Xa – – – – – – – X yes SB2 1 –
532 Xa – – – – – – – – no SB1 1 x
538 Xa – – – – – – – – yes SB2 1 –
542 Xa – Xa Xb – – – – – yes SB1 2 x
545 – Xa Xa Xb – – – – – no weak RV 2 x
562 – Xa – – – – – – – ? ? – –
566 Xa – – – – – – – – no – 1 x
599 Xa – – – – – – – – no weak RV 1 x
603 Xa – – – – – – – – yes SB1 1 x
608 Xa – – – – – – – – yes SB1 1 x
617 Xa – – – – – – – X yes – 7 x
621 Xa – – – – – – – – no DBL 1 x
626 Xa – – – – – – – – no – 1 x
664 Xa – – – – – – – – no – 1 x
669 Xa – – – – – – – – no weak RV 1 x
682 Xa – – – – – – – – no – 6 x
695 Xa – – – – – – – X yes SB1 3,4,7 x
755 Xa – – – – – – – – no – 1 x
758 Xa – – – – – – – X no? – 7 x
797 Xa – – – – – – – – no – 1 x
1001 – – Xa Xb Xc – – – – no? – 2 x
1014 – – Xa – Xc – – – – no SB1 2 –
1017 – – Xa Xb Xc Xd – – – yes weak RV 2 x
1018 – – Xa Xb Xc – – – – no SB1 2 x
1021 – – Xa Xb Xc – – – – no weak RV 2 x
1022 – – Xa Xb Xc X e – – – no weak RV 2 x
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Table B.1: Spectroscopic data, line profile variation (LPV), and comments about binarity/multiplicity.
Star Medusa UVES ARGUS SINFONI HST/FOS HST/STIS HST/COS HST/GHRS IUE LPV comments source †
1025 – – Xa Xb Xc – – – – yes MULT? 2 x
1026 – – Xa Xb Xc – – – – no SB1 2 –
1028 – – Xa Xb Xc – – – – no – 2 –
Mk42 – Xf – Xb – – – Xh – ? MULT? – x
Notes. Comments: single-lined (SB1), double-lined (SB2) spectroscopic binary, asymmetric profile (ASYM), and double (DBL) or multiple
(MULT) sources in HST images.
Sources: (1) Sana et al. (2013), (2) Hénault-Brunet et al. (2012), (3) Schnurr et al. (2008), (4) Doran et al. (2013), (5) Massey et al. (2005), (6)
Bestenlehner et al. (2011), (7) this work.
Observations: (a) program ID: 182.D-0222 (PI: Evans), (b) program ID: 084.D-0980 (PI: Gräfener), (c) program ID: 6417 (PI: Massey), (d) pro-
gram ID: 7739 (PI: Massey), (e) program ID: 9412 (PI: Massey), (f) program ID: 70.D-0164 (PI: Crowther), (g) program ID: 11484 (PI: Hartig),
(h) program ID: 3030 (PI: Ebbets).
(†): Stars mark with x are considered in the discussion.
Table B.2: Aliases.
VFTS aliases VFTS aliases
016 30 Dor 016 518 P93 901
063 ST92 1-11 527 BAT99 107, Brey 86, R139, P93 952
064 ST92 1-12 532 P93 974
072 BI 253 538 Mk 22, P93 1024
094 ST92 1-28, OGLE LMC-LPV-75429 542 BAT99 113, Mk 30, P93 1018, R136-015
108 BAT99 089, Brey 71, HD 269883, SK -69 233 545 BAT99 114, Mk 35, P93 1029, R136-012
145 T88-3 562 Mk 26, P93 1150
147 BAT99 091, Brey 73, T88-1 566 Mk 23, P93 1163
151 T88-2 599 P93 1311
169 ST92 1-71 603 Mk 10, P93 1341
171 ST92 1-72 608 Mk 14, P93 1350
180 BAT99 093, Brey 74a, ST92 1-78 617 BAT99 117, Brey 88, R146, HD 269926, SK -69 245
208 ST92 1-93 621 P93 1429
216 ST92 1-97 626 P93 1423
259 – 664 Mk 4, P93 1607
267 Dor IRS 2 669 P93 1619
333 R133, P93 42 682 P93 1732
402 BAT99 095, Brey 80, R135, P93 355 695 BAT99 119, Brey 90, R145, HD 269928, SK -69 248
404 – 755 P93 2041
406 Mk 55, P93 370 758 BAT99 122, Brey 92, R147, HD 38344 , SK -69 251
422 – 797 –
427 BAT99 096, Brey 81, Mk53 1001 BAT99 100, Brey75, R134, R136-004
440 Mk47, P93 607 1014 R136-029, P93 863
445 P93 621 1017 BAT99 104, Brey 76, R136-044, P93 897
455 P93 661 1018 R136-037, P93 900
457 BAT99 097, Mk51, P93 666 1021 R136-011, P93 917, Mk 37W
468 Mk 36, P93 706 1022 Mk 37a, R136-014
482 BAT99 99, Brey 78, Mk 39, P93 767, R136-007 1025 BAT99 112, Brey 82, R136c, R136-010, P93 998
506 Mk 25, P93 871 1026 R136-041, P93 1013, Mk 35N
509 BAT99 103, Brey 87 1028 Mk 35S, R136-023, P93 1036
512 P93 885 Mk42 BAT99 105, Brey 77, R136-002, P93 922
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Table B.3: Adopted atomic model for the grid calculation.
Ion super levels atomic levels
H i 20 30
He i 45 69
He ii 22 30
C iii 51 84
C iv 64 64
N iii 41 82
N iv 44 76
N v 41 49
O iii 88 170
O iv 78 154
O v 32 56
O vi 25 31
Si iv 22 33
P iv 30 90
P v 16 62
S iv 51 142
S v 31 98
S vi 28 58
Fe iv 74 540
Fe v 50 220
Fe vi 44 433
Fe vii 29 153
Total 926 2724
Table B.4: The eight different abundances of our main grid given in mass fraction. The first row corresponds to half-solar metallicity
(Asplund et al. 2005). In the following rows C and O are converted into N as a result of the CNO-cycle and the He mass fraction
increases.
He C N O Si P S Fe
0.25 1.08 10−3 3.08 10−4 2.67 10−3 3.31 10−4 5.19 10−6 1.6 10−4 5.76 10−4
0.25 1.08 10−6 4.05 10−3 2.67 10−6 3.31 10−4 5.19 10−6 1.6 10−4 5.76 10−4
0.325 1.08 10−6 4.05 10−3 2.67 10−6 3.31 10−4 5.19 10−6 1.6 10−4 5.76 10−4
0.4 1.08 10−6 4.05 10−3 2.67 10−6 3.31 10−4 5.19 10−6 1.6 10−4 5.76 10−4
0.475 1.08 10−6 4.05 10−3 2.67 10−6 3.31 10−4 5.19 10−6 1.6 10−4 5.76 10−4
0.55 1.08 10−6 4.05 10−3 2.67 10−6 3.31 10−4 5.19 10−6 1.6 10−4 5.76 10−4
0.625 1.08 10−6 4.05 10−3 2.67 10−6 3.31 10−4 5.19 10−6 1.6 10−4 5.76 10−4
0.7 1.08 10−6 4.05 10−3 2.67 10−6 3.31 10−4 5.19 10−6 1.6 10−4 5.76 10−4
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Appendix C: Temperature sensitivity and He-abundance
effective temperature: __ 37.5kK __ 42kK __ 47kK
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Fig. C.1: Change of the line strengths of the helium and hydrogen emission lines with increasing temperature but constant luminosity
and mass-loss rate. He ii shows a strong sensitivity at certain temperatures. The near-IR is more homogeneous, but slightly clumping
dependent. For reasons of clarity the relative near-IR flux (F) is scaled to the power 3 (F3).
mass fraction of Helium: __ 25% __ 47.5% __ 70%
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Fig. C.2: Change of the ratio of the helium and hydrogen emission lines with increasing helium abundance. The mass-loss rate of
the models is 10−5Myr−1 and the temperature is ∼ 50 000K. For reasons of clarity, the relative near-IR flux (F) is scaled to the
power 3 (F3).
Appendix D: The influence of log g on the stellar parameters
A variation of log g changes the density and ionisation balance in the stellar atmosphere. This can directly affect the derived tem-
perature and helium abundance and with it the luminosity and the mass-loss rate. Here, we investigate the effect of varying surface
gravity on the result for the O-type stars. For this purpose, we used our log g sub-grid with some additional smaller steps in helium
abundance, and analysed a small sub-sample of O stars in that parameter space. More accurate parameters using a different stellar
atmosphere code including a variable log g in the analysis will be provided by Ramirez-Agudelo et al. (in prep.) and Sabín-Sanjulián
et al. (in prep.).
As shown in Fig. D.1 and D.2 a lower value of the surface gravity (∆ log g = 0.5 dex) requires a lower model temperature
(∆Teff = −0.025...−0.03 dex) to match the main O star temperature diagnostic Hei λ4471. The transformed mass-loss rate is almost
unchanged, within the given error bars. The lower Teff results in a lower luminosity (∼ −0.1 dex) and lower stellar mass. This
gives a lower terminal velocity for the O stars using the relation by Lamers et al. (1995). These changes affect the mass-loss rates
derived from Eq. 1 by about ∼ 0.15 dex. The derived He-abundance decreases by 2...4%. The differences are larger for increasing
temperature.
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A variation of log g to values as low as 3.5 is only possible for the lowest Teff in our model grid. The reason is that for the hotter
models the radiative flux (Frad = 4piσT 4eff) in the photosphere becomes so high that log grad exceeds 3.5, leading to a situation where
Γ > 1 (cf. Eq. 3) and no hydrostatic solution is possible. As Γ is generally high for the hotter models, and the spectroscopically
relevant quantity is geff = g(1 − Γ), the log g needed to match the Hβ−δ line profiles of hot supergiants are not significantly lower
than the log g of 4.0 adopted in our grid models. E.g., Evans et al. (2010) determined log g = 3.75 for VFTS 016 (O2 III-If*) in
agreement with our own test computations.
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Appendix E: Spectral modelling for each target star
In the appendix we show model fits for all our targets and describe how we obtained the stellar parameters. The first panel in the
figures is the model SED (red solid line) fit to the optical and near-IR photometry (blue boxes). The reddening law and the RV is
given in the bottom left corner. The following panels show the fits of the model spectra (red solid line) to the observations (blue
solid line).
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Fig. E.1: VFTS 016 (O2 III-If*) is a known runaway (Evans et al. 2010). The temperature is based on the lines N iv λ4058, N v
λ4604/4620, and on the absence of He i λ4471. M˙ is based on the line shape of He ii λ4686. The blue wing of He ii λ4686 and the
red wing of Hα is not properly reproduced by the model. However, the stellar parameters are in agreement with Evans et al. (2010).
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Fig. E.2: VFTS 063 (O5 III(n)(fc)+ sec): the He i λ4471 line is a bit too broad possibly as a result of the star being a SB2. The
N iii λ4634/4640 lines are a bit too weak whilst the C iii λ4647/4650 lines are too strong. N-abundance is between normal and
enriched.
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Fig. E.3: The temperature of VFTS 064 (O7.5 II(f)) is based on the He i λ4471 and N iii λ4634/4640 lines. M˙ is based on the shape
of the He ii λ4686 line. Nitrogen is enriched.
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Fig. E.4: The temperature of VFTS 072 (O2 V-III(n)((f*))) is based on the lines N iii λ4634/4640, N iv λ4058, N v λ4604/4620, and
on the absence of the He i λ4471 line. M˙ is based on the line shape of He ii λ4686. Similar to Fig. E.1 the blue wing of He ii λ4686
and the red wing of Hα are not properly reproduced by the model. The star is nitrogen enriched and fast rotating.
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Fig. E.5: He i λ4471 is too broad for VFTS 094 (O3.5 Inf*p + sec) possibly as a result of its status as a SB2. The fit quality is
reasonably good for a SB2, but the luminosity is uncertain as the contribution of the secondary is unknown. N and He are enriched
at the surface. The star is evolved with Hα and He ii λ4686 in emission.
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Fig. E.6: The temperature of VFTS 108 (WN7h) is based on the lines He i λ4471, N iii λ4634/4640, N iv λ4058, N v λ4604/4620.
The He mass fraction of the star is slightly lower than that in the 77.5% model. The N iv λ4058 and Hδ lines do not fit because of the
normalisation. Even though the star is still relatively H-rich its position in the HRD suggests that the star is He-burning. Because of
convergence difficulties the model had to be calculated with a lower log g. For emission lines log g does not affect the results.
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Fig. E.7: The temperature of VFTS 145 (O8fp) is based on the lines He i λ4471, N iii λ4634/4640, and N iv λ4058. The He ii absorp-
tion lines are narrower than the models which suggests a lower log g value than 4.0. The spectrum shows weak RV variations and
LPVs. The star is multiple in the HST observations and therefore the luminosity might be overestimated. N is enriched. He ii λ4686
is quite strong relative to Hα. The only way to increase the He ii emission line strength without increasing M˙ is by increasing the He
surface abundance.
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Fig. E.8: The temperature of VFTS 147 (WN6(h)) is based on the lines He i λ4471, N iii λ4634/4640, N iv λ4058, N v λ4604/4620.
The spectrum is contaminated by multiple nearby stars so as a result the obtained parameters are unreliable. The photometry is
uncertain, too. Because of convergence difficulties the model has to be calculated with a lower log g. For emission lines log g does
not affect the results.
A&A–23643, Online Material p 38
DM=18.49 mag
Mv  =  -6.39 mag
13.08 12.98
13.367
13.161
13.041
151Eb-v =0.423 shift=0.028 dex10cl_He40.0_N/mdot-5.83_temp4.625
CARDELLI 2.09-16
-15
-14
-13
-12
3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4
log
 F λ
 [er
g s
-1  c
m-2
 Ao -
1 ]
He
II /
 Hε
He
II 1
3-4
NI
V
He
II 1
2-4
Hδ He
II 1
1-4
He
II 1
0-4
Hγ He
I
He
II 9
-4
0.5
1.0
1.5
4000 4100 4200 4300 4400 4500
rela
tive
 Flu
x
He
II 9
-4
NV
 4-3
NI
II
CI
II
He
II 4
-3
He
I
He
II 8
-4
Hβ NV
 7-6
0.5
1.0
1.5
4500 4600 4700 4800 4900 5000
rela
tive
 Flu
x
He
II 1
4-5
He
II 6
-4
Hα He
I
He
II 1
3-5
0.5
1.0
1.5
6500 6600 6700 6800
rela
tive
 Flu
x
0.5
1.0
1.5
2.0 2.1 2.2 2.3 2.4
λ / µ
Fig. E.9: The temperature of VFTS 151 (O6.5 II(f)p) is based on the lines He i λ4471, N iii λ4634/4640, N iv λ4058, and N v
λ4604/4620. The He ii absorption lines are slightly narrower than the models which suggests a log g value below 4.0. The spectrum
shows weak RV variations and LPVs. The star is multiple in the HST observations and the luminosity might be overestimated. N is
enriched. He ii λ4686 is in emission whilst Hα is in absorption which suggests He enrichment at the surface.
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Fig. E.10: The temperature of VFTS 169 (O2.5 V(n)((f*))) is based on the lines He i λ4471, N iv λ4058, and N v λ4604/4620. M˙
is based on He ii λ4686. The stellar rotation is high and the model spectrum is convolved with a rotation profile. N-abundance is
normal.
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Fig. E.11: The temperature of VFTS 171 (O8 II-III(f)) is based on the lines He i λ4471 and N iii λ4634/4640. M˙ is based on the line
shape of He ii λ4686, but M˙ of the best fitting model is a bit high. We note that C iii λ4647/4650 is in emission in the models, but in
absorption in the observations (Appendix A.2). N-abundance is between normal and enriched.
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Fig. E.12: The temperature of VFTS 180 (O3 If*) is based on the lines N iii λ4634/4640, N iv λ4058, and N v λ4604/4620.
He i λ4471 is too strong in absorption, but it can be resolved by lowering log g which is suggested by the width of Hγ and Hδ.
M˙ is based on He ii λ4686 and Hα and is slightly too high for the best fitting model.
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Fig. E.13: The temperature of VFTS 208 (O6(n)fp) is based on the absence of the N iv λ4058 line. The line wings of the observations
are narrower and He i λ4471 is too strong, which suggests a significantly lower log g. The star is a fast rotator and the spectrum is
peculiar (Appendix A.2).
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Fig. E.14: The temperature of VFTS 216 (O4 V((fc))) is based on the lines He i λ4471 and N iv λ4058. M˙ is based on the line shape
of He ii λ4686. N is not enriched at the surface.
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Fig. E.15: The temperature of VFTS 259 (O6 Iaf) is based on the absence of the N iv λ4058 line. The line wings of the observations
are narrower and He i λ4471 is too strong, which suggests a lower log g ≈ 3.5. Nitrogen is enriched, but N iii λ4634/4640 can only
be reproduced by increasing the abundance additionally by a factor of two. C iii λ4647/4650 are present in the spectrum. Test models
show that a reduction of log g, enhancing N, and moving the starting point of clumping closer to the surface, improves the fit quality,
but only slightly change the derived parameters.
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Fig. E.16: The temperature of VFTS 267 (O3 III-I(n)f*) is based on the lines He i λ4471 and N iv λ4058. M˙ is based on the line
shape of He ii λ4686. N-abundance is between normal and enriched.
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Fig. E.17: The temperature of VFTS 333 (O8 II-III((f))) is based on the lines He i λ4471 and N iii λ4634/4640. M˙ is based on
the line shape of He ii λ4686. We note that C iii λ4647/4650 is in emission in the models, but in absorption in the observations
(Appendix A.2). N is not enriched at the surface.
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Fig. E.18: The spectrum of VFTS 402 (WN7(h) + OB) shows the characteristic of a SB2. The temperature is based on the lines
He i λ4471, N iii λ4634/4640, and N iv λ4058. M˙ is based on He ii λ4686 and Hα. The fit quality is very poor as result of the
secondary. The He mass fraction is between 85.0 and 92.5%. The optical photometry is contaminated by nearby stars which results
in an unusually low RV = 0.85.
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Fig. E.19: The spectrum of VFTS 404 (O3.5 V(n)((fc))) shows the characteristic of a SB1. The temperature is based on the lines
He i λ4471, N iii λ4634/4640, and N iv λ4058. M˙ is based on the line shape of He ii λ4686. N-abundance is normal.
A&A–23643, Online Material p 49
DM=18.49 mag
Mv  =  -5.40 mag
14.31 14.30
14.120
14.15
14.077
406Eb-v =0.329 shift=-0.519 dex10cl_He32.5_N/mdot-5.50_temp4.575
CARDELLI 3.67-16
-15
-14
-13
-12
3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4
log
 F λ
 [er
g s
-1  c
m-2
 Ao -
1 ]
He
II /
 Hε
He
II 1
3-4
NI
V
He
II 1
2-4
Hδ He
II 1
1-4
He
II 1
0-4
Hγ He
I
He
II 9
-4
0.5
1.0
1.5
4000 4100 4200 4300 4400 4500
rela
tive
 Flu
x
He
II 9
-4
NV
 4-3
NI
II
CI
II
He
II 4
-3
He
I
He
II 8
-4
Hβ NV
 7-6
0.5
1.0
1.5
4500 4600 4700 4800 4900 5000
rela
tive
 Flu
x
He
II 1
4-5
He
II 6
-4
Hα He
I
He
II 1
3-5
0.5
1.0
1.5
6500 6600 6700 6800
rela
tive
 Flu
x
0.5
1.0
1.5
2.0 2.1 2.2 2.3 2.4
λ / µ
Fig. E.20: The temperature of VFTS 406 (O6 nn(f)p) is based on the absence of the N iv λ4058 line. The line wings of the observa-
tions are narrower, which suggests a lower log g. The star is a fast rotator and the spectrum is peculiar (Appendix A.2). Nitrogen is
enriched.
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Fig. E.21: The spectrum of VFTS 422 (O4 III(f)) shows the characteristic of a SB1. The temperature is based on the lines
N iii λ4634/4640 and N iv λ4058. The He i λ4471 line could not be used due to the strong nebular contamination. M˙ is based on
the line shape of He ii λ4686 and is a bit too high in the model. N-abundance is between normal and enriched.
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Fig. E.22: The temperature of VFTS 427 (WN8(h)) is based on the lines He i λ4471, N iii λ4634/4640, N iv λ4058, and N v
λ4604/4620. M˙ and He abundance are based on He ii λ4686, Hα. The fit quality is reasonably good for a late WNh star.
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Fig. E.23: The spectrum of VFTS 440 (O6-6.5 II(f)) might be a SB1 or SB2. The temperature is based on the lines He i λ4471 and
N iii λ4634/4640. M˙ is based on the line shape of He ii λ4686 and is slightly too low in the model. Nitrogen is enriched at the stellar
surface.
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Fig. E.24: The spectrum of VFTS 445 (O3-4 V:((fc)): + O4-7 V:((fc)):) shows the characteristic of a SB2. The temperature is
based on the lines N iii λ4634/4640, N iv λ4058, and N v λ4604/4620. He i λ4471 could not be used due to the strong nebular
contamination. M˙ is based on the line shape of He ii λ4686. N-abundance is between normal and enriched.
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Fig. E.25: The spectrum of VFTS 455 (O5: V:n) shows the characteristic of a SB1. The temperature is based on the lines He i λ4471
and N iv λ4058. M˙ is based on the line shape of He ii λ4686. The star is a fast rotator. N-abundance is between normal and enriched.
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Fig. E.26: The temperature of VFTS 457 (O3.5 If*/WN7) is based on the lines N iii λ4634/4640, N iv λ4058, and N v λ4604/4620.
M˙ is based on He ii λ4686 and Hα. The best fitting model M˙ is slightly too high. The star suggests an unusually high N abundance.
The quality of the fit is not good, but can be easily improved (see Fig. E.27).
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Fig. E.27: Improved test model for VFTS 457 (O3.5 If*/WN7) relative to Fig. E.26. The N abundance is twice that of our enriched
models. In addition, the model differs by having a lower log g (3.5 dex) and by starting the clumping in the wind velocity law at 10
km s−1. M˙ was reduced as well to compensate the line strength increases as a result of the lower log g. The difference in M˙ is less
than 0.1 dex.
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Fig. E.28: VFTS 468 (O2 V((f*)) + OB) has stars nearby, is multiple in HST images, and has a composite spectrum. The temperature
is based on the lines He i λ4471, N iii λ4634/4640, N iv λ4058, and N v λ4604/4620. M˙ is based on the line shape of He ii λ4686. N
is enriched.
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Fig. E.29: VFTS 482 (O2.5 If*/WN6) is surrounded by nearby stars, which could have an impact on the spectroscopy and photom-
etry. The temperature is based on the lines N iii λ4634/4640, N iv λ4058, and N v λ4604/4620. M˙ and He-abundance are based on
the lines He ii λ4686, Hα, He ii 2.19µm, and HBrγ .
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Fig. E.30: The temperature of VFTS 506 (ON2 V((n))((f*))) is based on the lines N iii λ4634/4640, N iv λ4058, and N v λ4604/4620.
The model temperature is slightly too low. M˙ is based on the line shape of He ii λ4686. log g might be a bit higher, because the
observations are a bit broader than the model. The star is fast rotating. N-abundance is between normal and enriched.
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Fig. E.31: The spectrum of VFTS 509 (WN5(h) + early O) shows the characteristic of a SB2. The temperature is based on the lines
N iii λ4634/4640, and N iv λ4058. M˙ and He-abundance are based on He ii λ4686 and Hα. The fit quality is poor as result of the
secondary.
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Fig. E.32: The spectrum of VFTS 512 (O2 V-III((f*))) shows the characteristic of a SB1. The temperature is based on the lines
He i λ4471, N iv λ4058, and N v λ4604/4620. M˙ is based on the line shape of He ii λ4686. N-abundance is between normal and
enriched.
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Fig. E.33: The temperature of VFTS 518 (O3.5 III(f*)) is based on the lines N iii λ4634/4640, N iv λ4058, and N v λ4604/4620. M˙
is based on the line shape of He ii λ4686. C is reduced and N is enriched.
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Fig. E.34: The spectrum of VFTS 527 (O6.5 Iafc + O6 Iaf) shows the characteristic of a SB2. The temperature and mass-loss rate
are difficult to determine. We tried to fit the spectrum with a single model from our grid. The line width of the absorption lines
suggests a lower log g. The fit quality is poor as result of the SB2 characteristic and the derived Teff , M˙ and the luminosity are quite
uncertain. No He enrichment at the stellar surface. Combining two single star models would improve the fit quality.
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Fig. E.35: The temperature of VFTS 532 (O3 V(n)((f*))z + OB) is based on the lines He i λ4471 and N iv λ4058. M˙ is based on
the line shape of He ii λ4686. We note that C iii λ4647/4650 is in emission in the models, but in absorption in the observations
(Appendix A.2). N is not enriched at the surface. The star is fast rotating.
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Fig. E.36: The spectrum of VFTS 538 (ON9 Ia + O7.5 Ia(f)) shows the characteristic of a SB2. The temperature is based on the
He i λ4471 line. M˙ is roughly based on the line shape of He ii λ4686. The line width of the absorption lines suggests a lower log g.
The fit quality is rather poor and Teff and M˙ are quite uncertain.
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Fig. E.37: VFTS 542 (O2 If*/WN5): The second (ARGUS) and third (MEDUSA) panel cover the same wavelength range and the
spectra are similar (except for the degree of the nebular contamination). The temperature is based on the lines N iii λ4634/4640,
N iv λ4058, and N v λ4604/4620. M˙ and He-abundance are based on the lines He ii λ4686, Hα, He ii 2.19µm, and HBrγ .
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Fig. E.38: The temperature of VFTS 545 (O2 If*/WN5) is based on the lines N iii λ4634/4640, N iv λ4058, and N v λ4604/4620. M˙
and He-abundance are based on He ii λ4686, Hα, He ii 2.19µm, and HBrγ . N is enriched.
A&A–23643, Online Material p 68
DM=18.49 mag
Mv  =  -6.44 mag
13.75 13.66
13.231
13.18
13.114
562Eb-v =0.411 shift=0.047 dex10cl_He25.0_N/mdot-5.83_temp4.625
CARDELLI 3.91-16
-15
-14
-13
-12
3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4
log
 F λ
 [er
g s
-1  c
m-2
 Ao -
1 ]
He
II 1
1-4
He
II 1
0-4
Hγ He
I
He
II 9
-4
NV
 4-3
NI
II
He
II 4
-3
He
II 8
-4
Hβ NV
 7-6
He
I
0.5
1.0
1.5
4200 4300 4400 4500 4600 4700 4800 4900 5000 5100
rela
tive
 Flu
x
He
II 7
-4
CI
II
CI
V
He
I
0.5
1.0
1.5
5300 5400 5500 5600 5700 5800 5900 6000 6100 6200
rela
tive
 Flu
x
He
II 1
5-8
He
II 1
4-8
HI
 7-4
He
II 1
0-7
He
II 1
3-8
1.0
1.5
2.0 2.1 2.2 2.3 2.4
λ / µ
Fig. E.39: VFTS 562 (O4V): Hα is not observed. Hence, the He abundance is uncertain. The temperature is based on the lines
He i λ4471, N iii λ4634/4640, and N v λ4604/4620. M˙ is based on the line shape of He ii λ4686. The line width of the absorption
lines suggests a lower log g. The presence of C suggests a He-abundance of 25% at the surface.
A&A–23643, Online Material p 69
DM=18.49 mag
Mv  =  -5.77 mag
14.11 14.05
13.781
13.730
13.747
566Eb-v =0.381 shift=-0.149 dex10cl_He25.0_N/mdot-5.83_temp4.650
CARDELLI 3.48-16
-15
-14
-13
-12
3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4
log
 F λ
 [er
g s
-1  c
m-2
 Ao -
1 ]
He
II /
 Hε
He
II 1
3-4
NI
V
He
II 1
2-4
Hδ He
II 1
1-4
He
II 1
0-4
Hγ He
I
He
II 9
-4
0.5
1.0
1.5
4000 4100 4200 4300 4400 4500
rela
tive
 Flu
x
He
II 9
-4
NV
 4-3
NI
II
CI
II
He
II 4
-3
He
I
He
II 8
-4
Hβ NV
 7-6
0.5
1.0
1.5
4500 4600 4700 4800 4900 5000
rela
tive
 Flu
x
He
II 1
4-5
He
II 6
-4
Hα He
I
He
II 1
3-5
0.5
1.0
1.5
2.0
6500 6600 6700 6800
rela
tive
 Flu
x
0.5
1.0
1.5
2.0 2.1 2.2 2.3 2.4
λ / µ
Fig. E.40: The temperature of VFTS 566 (O3 III(f*)) is based on the lines N iii λ4634/4640, N iv λ4058, and N v λ4604/4620. M˙ is
based on the line shape of He ii λ4686. N is enriched.
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Fig. E.41: The temperature of VFTS 599 (O3 III(f*)) is based on the lines N iii λ4634/4640, N iv λ4058, and N v λ4604/4620. M˙ is
based on the line shape of He ii λ4686. N is enriched.
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Fig. E.42: The spectrum of VFTS 603 (O4 III(fc)) shows the characteristic of a SB1. The temperature is based on the lines
N iii λ4634/4640 and N iv λ4058. He i λ4471 is contaminated by nebular emission and is not used. M˙ is based on the line shape
of He ii λ4686. N-abundance is between normal and enriched.
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Fig. E.43: The spectrum of VFTS 608 (O4 III(f)) shows the characteristic of a SB1. The temperature is based on the lines
N iii λ4634/4640, N iv λ4058, and N v λ4604/4620. He i λ4471 is contaminated by nebular emission and is not used. M˙ is based on
the line shape of He ii λ4686. Nitrogen is enriched.
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Fig. E.44: The temperature of VFTS 617 (WN5ha) is based on the lines N iv λ4058, N v λ4604/4620, and N v λ4945. M˙ and
He-abundance are based on He ii λ4686 and Hα.
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Fig. E.45: The temperature of VFTS 621 (O2 V((f*))z) is based on N iii λ4634/4640, N iv λ4058, and N v λ4604/4620. M˙ is esti-
mated using the line shape of He ii λ4686 and is uncertain. N is enriched.
A&A–23643, Online Material p 75
DM=18.49 mag
Mv  =  -5.47 mag
15.16 14.90
14.219
14.10
14.071
626Eb-v =0.570 shift=-0.408 dex10cl_He40.0_N/mdot-5.6_temp4.600
CARDELLI 3.30-16
-15
-14
-13
-12
3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4
log
 F λ
 [er
g s
-1  c
m-2
 Ao -
1 ]
He
II /
 Hε
He
II 1
3-4
NI
V
He
II 1
2-4
Hδ He
II 1
1-4
He
II 1
0-4
Hγ He
I
He
II 9
-4
0.5
1.0
1.5
4000 4100 4200 4300 4400 4500
rela
tive
 Flu
x
He
II 9
-4
NV
 4-3
NI
II
CI
II
He
II 4
-3
He
I
He
II 8
-4
Hβ NV
 7-6
0.5
1.0
1.5
4500 4600 4700 4800 4900 5000
rela
tive
 Flu
x
He
II 1
4-5
He
II 6
-4
Hα He
I
He
II 1
3-5
0.5
1.0
1.5
2.0
6500 6600 6700 6800
rela
tive
 Flu
x
0.5
1.0
1.5
2.0 2.1 2.2 2.3 2.4
λ / µ
Fig. E.46: The line profiles of VFTS 626 (O5-6 n(f)p) are broadened as a result of rotation. The temperature is based on the lines
He i λ4471 and N iii λ4634/4640. M˙ is based on the line shape of He ii λ4686 and Hα. The best fit has a He-abundance of 40%. N is
enriched.
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Fig. E.47: The temperature of VFTS 664 (O7 II(f)) is based on He i λ4471 and N iii λ4634/4640. M˙ is based on the line shape of
He ii λ4686. N is enriched.
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Fig. E.48: The temperature of VFTS 669 (O8 Ib(f)) is based on the lines He i λ4471 and N iii λ4634/4640. M˙ is based on the line
shape of He ii λ4686. N is enriched and He might be as well. The absorption lines are narrower than the model, which suggests a
lower log g. By lowering log g N iii λ4634/4640 would be stronger in emission and improve the fit (Fig. E.49).
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Fig. E.49: Test model for VFTS 669 (O8 Ib(f)) to investigate the predicted changes in temperature, luminosity and mass loss
(see Figs. D.1 and D.2). As predicted the transformed mass-loss rate is still the same while the temperature (−0.025 dex) and the
luminosity (−0.08 dex) are lower.
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Fig. E.50: The temperature of VFTS 682 (WN5h) is based on the lines N iv λ4058, N v λ4604/4620, and on the absence of the
He i λ4471 line. M˙ and He-abundance are based on He ii λ4686 and Hα. The fit quality is reasonably good for a WNh stars. Even
though the best fitting grid model has a slightly too high M˙. The results are similar to those from Bestenlehner et al. (2011).
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Fig. E.51: The spectrum of VFTS 695 (WN6h + ?) shows the characteristic of a SB1. The temperature is based on the lines
He i λ4471, N iii λ4634/4640, and N iv λ4058. M˙ and He-abundance are based on He ii λ4686 and Hα. The He-abundance is between
85.0 and 92.5%.
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Fig. E.52: The temperature of VFTS 755 (O3 Vn((f*))) is based on the lines He i λ4471 and N iv λ4058. M˙ is based on the line shape
of He ii λ4686. N-abundance is normal.
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Fig. E.53: The temperature of VFTS 758 (WN5h) is based on the lines N iv λ4058, N v λ4604/4620, and on the absence of the
He i λ4471 line. M˙ and He-abundance are based on He ii λ4686 and Hα. The fit quality is reasonably good for a WNh stars, although
Hδ could not be properly reproduced.
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Fig. E.54: The temperature of VFTS 797 (O3.5 V((n))((fc))) is based on the lines He i λ4471 and N iv λ4058. M˙ is based on the line
shape of He ii λ4686. N is not enriched at the stellar surface.
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Fig. E.55: VFTS 1001 (WN6(h)): The temperature is based on the lines He i λ4471, N iii λ4634/4640, N iv λ4058, N v λ4604/4620.
M˙ and He-abundance are based on the lines He ii λ4686, Hα, He ii 2.19µm, and HBrγ . M˙ is slightly too low for the best fitting
model. The model suggests a He-abundance of 85%. (Second panel: HST/FOS, third panel: ARGUS. The ARGUS data were only
approximately normalised as there prime use was the investigations of RV/LPV variations.)
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Fig. E.56: The temperature of VFTS 1014 (O3 V + mid/late O) is based on the lines N iv λ4058, N v λ4604/4620, and on the
He i λ4471 line. Unfortunately, the resolution and S/N of the HST observation is very low and M˙ is based on N iv λ4058 instead
of He ii λ4686. The log g is at least &4 and the luminosity class is V, which suggests a young age and a He-abundance of ≈25%.
(Second panel: HST/FOS, third panel: ARGUS.)
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Fig. E.57: The temperature of VFTS 1017 (O2 If*/WN5) is based on the lines N iv λ4058, N v λ4604/4620, and He i λ4471. M˙
and He-abundance are based on the lines He ii λ4686, Hα, He ii 2.19µm, and HBrγ . The optical HST observation suggests a lower
He-abundance while the near-IR suggests a slightly higher abundance than 55%. (Second panel: HST/FOS, third panel: ARGUS,
fourth panel: HST/STIS, fifth panel: SINFONI.)
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Fig. E.58: The temperature of VFTS 1018 (O3 III(f*) + mid/late O) is based on the lines N iii λ4634/4640, N iv λ4058, and
He i λ4471. Unfortunately, the resolution and S/N of the HST observation is very low and M˙ is based on the lines N iv λ4058,
He ii 2.19µm, and HBrγ . The two near-IR lines are not in emission, which leads to an uncertainty in M˙ and He-abundance. The star is
N enriched. (Second panel: HST/FOS, third panel: ARGUS.)
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Fig. E.59: The temperature of VFTS 1021 (O4 If+) is based on the lines N iii λ4634/4640 and N iv λ4058, and He i λ4471. M˙ and
He-abundance are based on He ii 2.19µm and HBrγ . The best fitting model M˙ is too weak. The star suggests a unusually high N
abundance. The fit quality is not good, but can be improved (see Fig. E.27). The He-abundance is between 25% and 32.5%. (Second
panel: HST/FOS, third panel: ARGUS.)
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Fig. E.60: The temperature of VFTS 1022 (O3.5 If*/WN7) is based on the lines N iii λ4634/4640, N iv λ4058, and He i λ4471. M˙
and He-abundance are based on the lines He ii λ4686, He ii 2.19µm, and HBrγ . M˙ is too weak and N iv is too strong. N-abundance is
between normal and enriched. (Second panel: HST/STIS, third panel: HST/FOS, fourth panel: ARGUS.)
A&A–23643, Online Material p 90
DM=18.49 mag
Mv  =  -7.80 mag
13.741 13.428
11.71
11.42
1025Eb-v =0.608 shift=0.579 dex10cl_He70.0_N/mdot-4.6_temp4.625
CARDELLI 4.50-16
-15
-14
-13
-12
3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4
log
 F λ
 [e
rg 
s-1
 cm
-2
 Ao -
1 ]
He
II /
 Hε
He
II 1
3-4
NI
V
He
II 1
2-4
Hδ He
II 1
1-4
He
II 1
0-4
Hγ He
I
He
II 9
-4
0.5
1.0
1.5
4000 4100 4200 4300 4400 4500
rel
ati
ve 
Flu
x
OI
V 3
s-3
p
OI
V 3
p-3
d
OI
V 3
s-3
p
He
I 2
s-6
p
NI
V
NI
V 3
s-3
p
NI
V 3
s-3
p
NI
V 3
s-3
p
He
I
He
II /
 Hε
He
II 1
3-4
NI
V
He
II 1
2-4
Hδ He
II 1
1-4
He
II 1
0-4
Hγ He
I
He
II 9
-4
NV
 4-
3
NI
II
He
II 4
-3
0.5
1.0
1.5
2.0
2.5
3.0
3400 3600 3800 4000 4200 4400 4600 4800
rel
ati
ve 
Flu
x
He
II 1
5-8
He
II 1
4-8
HI
 7-
4
He
II 1
0-7
He
II 1
3-8
1.0
1.5
2.0 2.1 2.2 2.3 2.4
λ / µ
rel
ati
ve 
Flu
x
Fig. E.61: The temperature of VFTS 1025 (WN5h) is based on the lines N iii λ4634/4640 N iv λ4058, N v λ4604/4620, and
He i λ4471. M˙ and He-abundance are based on the lines He ii λ4686, He ii 2.19µm, and HBrγ . N is enriched. (Second panel: AR-
GUS, third panel: HST/FOS. The ARGUS data were only approximately normalised as there prime use was the investigations of
RV/LPV variations.)
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Fig. E.62: The temperature of VFTS 1026 (O3 III(f*) + mid/late O) is based on the lines N iv λ4058 and He i λ4471. M˙ is estimated
on the basis of the strength of the N iv λ4058 line and is highly uncertain. N is enriched. (Second panel: HST/FOS, third panel:
ARGUS.)
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Fig. E.63: The temperature of VFTS 1028 (O3 III(f*) or O4-5V) is based on the lines N iv λ4058 and He i λ4471. M˙ is estimated
on the basis of the strength of the N iv λ4058 line and is highly uncertain. N is enriched. (Second panel: HST/FOS, third panel:
ARGUS.)
Joachim M. Bestenlehner et al.: VFTS XVII. Physical and wind properties of massive stars at the top of the main sequence
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Fig. E.64: The temperature of Mk42 (O2 If*) is based on the lines N iii λ4634/4640 N iv λ4058, N v λ4604/4620, and He i λ4471.
M˙ and He-abundance are based on the lines He ii λ4686, Hα, He ii 2.19µm, and HBrγ . N is enriched. (Second panel: HST/GHRS, third
and fourth panel: UVES.)
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